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A B S T R A C T
A B S T R A C T
Ammonia in the form of dissolved salts can he removed from
biological /
industrial waste water by successive^nitrification (oxidation
to nitrate) and denitrification (reduction of nitrate to 
nitrogen gas)* Nitrification of ammonium sulphate solutions 
Y/as studied in a hatch activated sludge system, at low substrate 
concentrations (less than 60 g/nr* ammonia-nitrogen) to 
investigate substrate limitation and at high concentrations 
(up to 5000 g/m ) to investigate substrate inhibition.
The kinetics of the system were considered in terms of a 
"specific substrate removal rate", analogous to microbial 
specific growth rate, to allow for the effects of non-viable 
but biochemically active bacterial cells in the sludge and the 
probable variation of bacterial yield coefficient with specific 
growth rate. The effects on this parameter of substrate 
concentration v/ere summarised as mathematical models by 
applying a pattern-search curve-fitting procedure to the 
experimental data relating substrate concentration, product 
concentration and time obtained from batch runs at 25°C 
covering a range of initial substrate concentrations, mostly 
at a controlled pH of 7.
At low concentrations, the effects of substrate concentration 
on the specific substrate removal rate were described better 
by a model based on the discontinuous function first proposed 
by Blackman than by one based on the Monod relation.
- I - (contf d... * *
At high concentrations, stagewise analysis of the hatch 
concentration-time data suggested that nitrification was 
subject to hysteresis, in that the specific substrate removal 
rate depended on the initial batch substrate concentration 
as well as the transient substrate concentration, A model 
based on the Haldane equation for enzyme inhibition gave a 
reasonable description of the effects of initial substrate 
concentration on the specific substrate removal rate.
A correlation including three empirical parameters was found 
to describe the variation of specific substrate removal rate 
with transient substrate concentration for individual batch 
runs.
When inocula from dilute stock sludge culture v/ere introduced 
into concentrated substrate solutions, an acclimatisation phase 
was observed in which the specific substrate removal rate fell 
rapidly to the inhibited level. Inocula which were subjected 
to preliminary acclimatisation before inoculation did not show 
this effect.
In additional work at low substrate concentrations, the optimum 
pH for nitrification at 25°C was found to be 8.5> and empirical 
expressions were found to describe the relation between pH and 
specific substrate removal rate. The contribution to ammonia 
removal by chemical decomposition of ammonium nitrite (the 
van Slyke reaction) was found not to be significant in the 
conditions prevailing in microbiological nitrification. .
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NOTATION
B = Blackman Constant, in (day)*"'1'* (g/m^)"1.
—1C, C' = reaction rate constant in day *
c ~ a dimensionless number, c -
E s= total enzyme (which are allosteric oligomers) con­
centration in g/m^
K, , Kg = empirical constants.
Kf = maximum rate of ammonia utilisation per unit weight
of microorganisms in (g/m^ NH^ - N) / (g/m^ MLVSS)/ 
day,
K^ = inhibition constant, numerically equals the highest
concentration of SQ at which is equal to one half
in the absence of inhibition, in g/m^.
^R/f '^T/= the microscopic dissociation constants of a substrate 
bound to a site in the R'" and T/ states respectively.
Kg as saturation constant (Nitrosomonas), numerically equal
to substrate concentration at which the specific growth 
rate is half the maximum value, in g/m^.
Kqb = saturation constant for Nitrobacter in g/m^.
K0 a= saturation constant, numerically eaual to the lowest
So
concentration of SQ at which is equal to one-half
Ma in absence of inhibition, in g/m3.
L as allosteric constant, it represents the equilibrium con­
stant for Rq and TyQ transition (in the absence of 
substrate).
M a= specific ammonia oxidation rate or specific T.O.N. 
production rate in day"1.
= absolute maximum sped fic ammonia oxidation rate or 
absolute maximum T.O.N. production rate in day"1.
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Mg = maximum specific nitrate-nitrogen production rate, 
in day"1.
= specific nitrate-nitrogen production rate at transient 
state in day"1.
= maximum specific ammonia oxidation rate or maximum 
specific T.O.N. production rate in day"*1.
= specific ammonia oxidation rate or specific T.O 
production rate at transient .state in day"1.
N,
n = number of binding sites of an allosteric oligomer.
P = concentration of nitrate-nitrogen at any time, t, 
in g/m3.
PQ = concentration of nitrate-nitrogen at t^o, in g/m3.
S = concentration of the substrate (ammonia-nitrogen) at 
any time, t, in g/m3.
SQ = concentration of the substrate (ammonia-nitrogen) at 
t=o in g/m3.
t = time in days
T = temperature in °C.
T^ R' = represent the two states which are reversibly 
accessible to allosteric oligomers.
T.O.N. = total oxidised nitrogen concentration at any 
time, t, in g/m3.
T.O.N.F = Terminal value of T.O.N. in g/m3.
T.O.N.g = Concentration of T.O.N. at transition period in 
g/ra3.
V = rate of ammonia utilisation in (g/m3 NE^ - N)/day.
X ss concentration of mixed liquor volatile suspended solid 
MLVSS) in g/m3.
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x = concentration of microorganism (Nitrosomonas) at any 
time, t, in g£dry weight) /m^.
Xg = concentration of Nitrohacter at any time, t, in 
g(dry weight) /m3.
x„ ~ concentration of Nitrohacter at t=o, in g(dry weight)/m3. 
o
x^ = concentration of microorganism (Nitrosomonas) at 
transition time, t^, in g(dry weight) /m3.
xQ = concentration of microorganism (Nitrosomonas) at t=o, 
in g(dry weight) /m3.
y = concentration of nitrite-nitrogen at any time, t, in - 
g/m3.
yQ =  concentration of nitrite-nitrogen at t=o, in g/m3.
Y = yield co-efficient for Nitrosomonas, mass (dry weight) 
of cells formed per unit amount of ammonia-nitrogen 
oxidised or total oxidised nitrogen produced.
YV y  ~ co-efficient for Nitrohacter, mass (dry weight)
of cells formed per unit amount of nitrite-nitrogen 
oxidised.
Z = the reduced substrate concentration, a dimensionless 
number, Z = S/Kr/.
GREEK NOTATIONS
|x = specific growth rate of the microorganisms in day-1.
Hg’ = maximum specific growth rate (Nitrohacter) in day"1, 
maximum specific growth rate (Nitrosomonas) in day"1.
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I1 * G E N E R A L  I N T R O D U C T  I O N .
1. GENERAL INTRODUCTION
Water is a precious natural resource* Industry and 
society must have a sufficient supply in ever-increasing 
amounts to coincide with the growth of technical advances 
in this modern era. This ever-increasing demand is 
aggravated hy the indiscriminate use of water (such as: 
use of high-grade water for low-grade purposes) and 
discharge of waste water without proper treatment into 
rivers, making this unsuitable as a source of water for 
industrial and domestic needs. It has been realised now 
that the demand for water has reached such dimensions that 
it is no longer possible to use it once and then discard it. 
It has to be reclaimed for subsequent uses. In arid areas 
especially, where the re-use of river and ground water is a 
necessity, the protection of water quality through waste 
water treatment becomes obligatory. The importance of 
research on treatment of waste v/ater cannot therefore be 
overstressed.
Nitrogen is a major pollutant of water; in domestic wastes 
it is usually in the form of urea, protein and other 
inorganic compounds; in industrial wastes it is usually 
present as ammonia, in concentrations up to 10 ,000 g/m^.
Rohlich (97) reported that domestic raw waste water has 
ammonia nitrogen concentration of 2 1 .9 - 32.I4. g/m^, organic 
nitrogen concentration of 18.2 - 26.3 g/m^ and negligible
1
nitrate* Baumann (10) found that typical domestic raw 
waste water has 10 - 50 g/m^ ammonia-nitrogen and 
essentially no nitrites and nitrates* TABLE 1 represents 
a survey-report hy A.W.W.A. Task Group (114) estimating 
nitrogen contribution from various sources*
Besides the fact that ammonia has an unpleasant smell, it 
is harmful to aquatic life in concentrations as low as
2.5 g/m^ at pH 7*4 to 8*5 (120), and is toxic to fish and 
fish food at 10 g/m^ at pH 8*5 (62). The presence of 
ammonia also interferes with chlorination, which is often 
used as a final stage in effluent treatment. When discharged 
in a sewage effluent, unoxidised nitrogen will exert an 
oxygen demand as ammonia is oxidised to nitrate.
1*1 GENERAL EFFLUENT TREATMENT j
The various methods available for the removal of nitrogen 
from domestic and industrial waste water are physical, 
chemical and biological treatments. Physical processes 
include reverse osmosis, distillation and land application. 
The known chemical methods are air-stripping of ammonia at 
high pH, ion exchange, electrochemical treatment and electro­
dialysis. Biological methods include algae harvesting and 
nitrification-denitrification. Biological methods are found 
to be the most economical and practical solution to remove 
biodegradable compounds and dissolved organic compounds 
(like proteins) which cannot be removed easily and/or 
economically by physical or chemical processes (4 1, 124).
2
Source
Domestic waste
Industrial waste
Rural runoff
Agricultural
Non-agricultural
Urban runoff
Rainfall
TABLE 1
Nitrogen
1 8 - 2 0  
up to 10,000
1
0.2*
1
0.1
70
0.5
10
2
3
1 .2 BIOLOGICAL NITRIFICATION-DENITRIFICATION IN WASTE WATER 
This is principally the utilization of ammonia or ammonium 
compounds “by nitrifying bacteria. This takes place in all 
waste water treatment processes in a series of steps by 
which nitrogen in inorganic compounds and organic complexes 
(proteins) is decomposed to molecular nitrogen and released 
to the air.
The major steps involved are:
In nitrification:
a) The breakdov/n of inorganic and organic nitrogen compounds 
to form ammonia or ammonium compounds.
b) Oxidation of ammonia or ammonium compounds to nitrites.
c) Oxidation of nitrites to nitrates.
In denitrification:
d) Reduction of nitrates to molecular nitrogen.
The aim of the present work Y/as to correlate kinetic 
relations with experimental data on biological nitrification. 
Nitrification of ammonium sulphate solutions was studied at 
low substrate concentrations ( less than 60 g/m^ ammonia- 
-nitrogen ) to investigate substrate limitation and at high 
concentrations ( up to 5000 g/m^ ) to investigate substrate 
inhibition. This work was initiated by studies made by 
British Iron & Steel Research Association on coke-oven liquor.
2. R E V I E W  O P  P R E V I O U S  W O R K  O R
N I T R I F I C A T I O N .
2. REVIEW OF PREVIOUS WORK ON NITRIFICATION
2.1 BACTERIAL NITRIFICATION
It is well known that nitrification takes place by two 
species of autotrophic bacteria as part of their normal 
mechanism of growth. This occurs in two stages, 
a) Oxidation of ammonium ions to nitrite:
NH, + + 1i 02-- N02" +1^0 + 2H+ A  H = -66.5 KcaX
This is performed principally by Ritrosomonas and also by 
the less common genera Ritrosococcus, Ritrosospira, 
Ritrosocystis and Ritrosogloea. Ritrosomonas is a very short 
Gram-negative rod with a long polar flagellum. The probable 
pathway of ammonia oxidation suggested by different workers 
(Up JA $ 62, 68, 73t 90) can be represented as in TABLE 2.
Hofman and Lees (58) claimed first that Ritrosomonas has a 
copper enzyme, which converts ammonium ion to hydroxyl amine.
Oxidation of nitrite to nitrate by Ritrobacter or its 
marine version Ritrocystis (19):
NOg- + j02 ■A 1.trlte oxidase ^ N0^- ^  H - —-J 7 .5 Koal.
Aleem and Alexandar (2) found that although Ca, Mg, Fe,
■ —3P0U were required for the growth of the organism, only Fe 
was needed for nitrite oxidation.
These oxidative reactions supply energy for the synthesis of
—2 —cell material from COg or CO^ or HCO^ , the primary sources 
of carbon for autotrophic bacteria. Both organisms are
5
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highly aerobic and consume rather more than a hundred 
atoms of oxygen for every atom of carbon assimilated, 
compared with most heterotrophic organisms which consume 
only about five atoms of oxygen for every atom of carbon 
assimilated (7k)*
The above transformations are practically stoichiometric* 
However, many soil scientists (3bt 52, 101, 118) have stated 
that under some conditions certain amount of nitrogen is 
lost between the.two stages of nitrification* This occurs 
due to the formation of unstable ammonium nitrite which 
breaks down into molecular nitrogen and water. However, 
the possibility of this reaction in nitrogen removal from 
waste water, has not, apparently, been reported. There must 
be a small loss of nitrogen from waste water to bacteria as 
cellular constituent. In biological filters this loss has 
been reported (18) as being between 8-35%*
The basic outlines of the respiratory and intermediary 
metabolism of nitrifying bacteria have been described during 
the past 20 years by Lees - 195U (73) > Belwiche - 1956 (30 > 
Jenkins - 1963 (62) and Peck - 1968 (90). k review of 
literature on inorganic nitrogen metabolism in microbes in 
aerobic and anaerobic conditions is given by Painter (87)*
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2.1.1. NUTRITIONAL REQUIREMENTS OP NITRIFIERS
Both Nitrosomonas and Nitrohaoter are chemoautotrophs.
iwiiwiiwin—!■'—fium'H'” ~  nii<i»nfi»ii >wiw;ujt^:.>r.twBgMwwrnriini nwi'nvnjf
However, recent work has shown that "both of these are 
facultative autotrophs and can metabolise simple organic 
compounds like acetate, formate and aminoacids (2 6, 54? 93?
103s 119)* Apart from the primary requirements for COg
• +  ’and NH, or nitrite, a minimum concentration of dissolved 
oxygen (D»0.*) appears to he an absolute requirement for 
their growth, A number of mineral salts like phosphate, 
magnesium, calcium, iron and copper have been found to 
have stimulatory effects on their groy/th (7 6, 102, 110).
Both of these nitrifiers favour slightly alkaline media 
for their growth. There is a wide variation among 
researchers* reports as to the effect of pH on nitrifiers. 
Reported optimum pH values for the growth of Nitrosomonas 
are 7*5 - 8 .8 by Aleem and Nason (3); 8 .6 by Meyerhof (81);
7-9 by Engel and Alexander (4U)? 7*8 - 7*8 by Ermachenko et al 
(45); 8-9 by Hofman and Lees (58) and 7*5 - 8.0 by Loveless 
and Painter (76). Reported optimum pH values for the growth 
of Nitrobacter are 8.0 by Aleem and Nason (3); 8.5 - 9*0 by 
Meyerhof (81) and 7*8 by Boon and Laudelout (15)*
2.1.3. EFFECT OP TEMPERATURE ON NITRIFICATION 
The optimum temperature for nitrification is quoted as 28°C 
by both Carlucci et al (23) and Etinger et al (4 8); as 28°C - 
30°C by Aleem and Nason (3)* Braune et al (17) found optimum
8
temperature as "between 15° - 18°C. They also reported 
that at higher temperatures ammonia oxidation accelerates 
faster than nitrite oxidation, which can "be expected from 
the energy change in those two reactions.
2*1 .1+. INHIBITION OF NITRIFICATION
Nitrosomonas is inhibited "by accumulation of its product 
nitrite and by several metal binding agents (3); thiourea, 
hydrazine (5); MN serve” (2-chloro~6-trichloromethyl pyridine 
used in agriculture to inhibit nitrification in soil) (21); 
L-lysine, L-histamine, L-threonine, L-valine, L-methionine, 
I»-arginine (2 6); nitrite above 1050 to 1200 g/m^ at pH 6.0 
(45)l Cu (76); Hi and Cr over 0*25 g/m^; Cu at 0.1 g/rn^
(Cu stops growth at 0.5 g/m^) (102); chlorinated anilines 
(116). Inhibition of Nitrosomonas by its substrate ammonia 
is discussed later in section 3.1 .
Nitrobacter is inhibited by ammonia, the original substrate, 
at alkaline pH, cyanate, metal binding agents, cyanide, azide, 
antimycin A (3); cyanate (21); "N-serve” (22); aminoacids 
like valine, hydroxy proline and threonine (32); Lissapol (8 6); 
pesticides (122); folic and nicotinic acid (113); Na2 CO^
(110, 111); thailous sulphate, auric chloride (109).
The inhibitory action of nitrite on its own oxidation has 
been reported by Meyerhof (80) at concentrations above 20 mM, 
by Lees and Simpson (75) even at concentration as low as i; mM.
9
Butt & Lees (20) and Boon & Laudelout (15) postulated 
an explanation of the actual mechanism of inhibition®
Nitrate has no apparent effect at low concentrations? hut
3in concentrations of the order of several kg/m , it markedly 
reduced the activity of Nitrobacter (99)• Boon and 
Laudelout (15) also tried to explain the inhibitory effect 
of nitrate on nitrite oxidation.
Nitrification is inhibited by cyanides and sulphides (28); 
sulphide over 25 g/m^ (29); cyanide, thiourea, allyl alcohol 
(33); insecticides (hi); cyanide, thiocyanate, thiourea, 
methionine (62); phenols, thiourea etc (11?) and by thiourea 
and "N-serve” (81*.). Inhibition of nitrification by its 
original substrate ammonia is one of the present problems 
studied. Therefore this is discussed in detail later in 
section 3*1 •
2.2. NITRIFICATION IN WASTE WATER
The extent to which nitrification is achieved in biological 
treatment systems has been reported by many workers as 
varying v/ith process variables such as organic loading, pH, 
temperature, mixed liquor suspended solids (MLSS), dissolved 
oxygen (D.O.) level, period of aeration, recirculation, 
presence of inhibitory substances.
10
General reviews of nitrification in wasijs water have "been 
carried out in the last few years hy Wuhrmann - 1962 (125)? 
Johnson - 196U (6l{., 65)? King - I966 (67)? Samples - 1967 
(98) and Jenkins - 1969 (63)»
The principal waste treatment system employs either the 
activated sludge process or "biological filter systems* The 
relative merits of each system have "been compared in detail 
"by Ah son et al (1), Bruce (20) and Jenkins (62)* These have 
heen discussed later in section lj..1 .
2.2.1 * BIOLOGICAL FILTRATION
In biological filtration, the microbial sludge is supported 
in the surface of a solid packing medium and is not intimately 
mixed with the liquor being treated.
Fundamental analysis and experimentally verified mathematical 
models of the process occurring in biofilters have been 
demonstrated by Atkinson et al (8 ), Swilley and Atkinson (108) 
and Kornegay and Andrews (70). A mathematical model without 
any experimental verification was also suggested by Lamb et al
(71).
Kornegay and Andrews (70) proposed a mathematical model to
a. tarlTculay’
explain the kinetics of^biological reactor, Their reactor 
comprised of a rotating drum enclosed by an outer vessel.
Cost considerations in designing such a reactor on a commercial 
scale may however be important.
Lamb et al (7*0 suggested an equation for the process of 
hiological filtration* They have assumed (a) "biological 
filter as a continuous biochemical reactor and (b) if the 
strength* volume or temperature of the influent is altered 
there will be a corresponding alteration of conditions 
inside the reactor, with a subsequent alteration.in the 
quality of the final effluent. An equation has been 
developed from theoretical considerations which relates 
the strength of the influent and effluent of a biological 
filter to the flow of sewage, volume of medium, the specific 
surface area of the medium and the temperature of the sewage. 
The equation was not verified experimentally. They tried 
to support the equation with other workers’ experimental 
results. However, the nature of the curves drawn and the 
conclusions are open to question.
A mechanistic approach to the development of mathematical 
models on the reactions occurring in a biofilter was made 
by Atkinson et al (8) and Swilley and Atkinson (108). The 
fixed bed system was modelled as a film flow reactor, in 
which soluble organic compounds flowed over a vertical flat 
plate under laminar and turbulent conditions where it was 
assumed that the biochemical reaction occurred throughout 
the liquid-solid interfaces. They studied several variables, 
such as flow rate, nutrient concentration and the effect of 
oxygen. Both homogenous reaction models and surface reaction 
models were considered. Experimental results led them to
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conclude that mass transfer in the liquid layer is the 
rate limiting effect* Their mathematical model led to 
a more comprehensive analysis of hiofiIter operation in 
terms of chemical engineering teclmology. With context 
to the present work* which deals with nitrification kinetics, 
the usefulness of their studies is however limited* This 
is due to the fact that where nitrification in general 
requires a high oxygen requirement? this is severely limited 
in the case of a biological film reactor by the resistance 
of the laminar air-liquid interfacial film.
2.2.2. NITRIFICATION IN BIOFILTERS
Only a limited study has been done with a specifically 
nitrifying biofilter. From the studies reported on the 
B.O.D. (Biological Oxygen Demand) removal characteristics, 
it is evident that the process variables such as depth of 
filter, size and type of media, hydraulic loading, flow rate, 
recirculation will greatly influence the degree of nitrific­
ation obtainable in the biofilter. The other factors which 
influence nitrification include the liquid temperature, 
carbonaceous matter, microbial strain characteristics, pH 
and presence of inhibitors.
From experimental work with a specifically nitrifying 
biofilter, a correlation was proposed by Balakrishnan and 
Eckenfelder (9) relating the specific surface of packing 
and the nitrifying rate constant. However, the model did 
not deal with the fundamental process kinetics of nitrific­
ation in a biofilter.
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A. paper was published by the Civil Engineering Department 
of Newcastle University (86) describing a method of 
measuring the nitrifying capacity of the biological filter 
slime. This consisted of aerating the slime, in the 
presence of ammoniacal nitrogen for 2k hrs. This showed 
that a stimulating effect on nitrification was produced 
by nitrous nitrogen and this stimulation was proportional 
to the concentration of nitrous nitrogen present. Investig­
ations are still continuing.
<
Ching-San Huang et al (22+) have studied the rate of oxidation 
of ammonia in a laboratory scale biological film reactor 
with a nitrifyiing seed culture from an activated sludge plant. 
They concluded that the rate is a zero order reaction i.e. 
independent of concentration of ammonia in the range from 
2.5 g/m^ to 673 g/m^.
From their work it is evident that the rate of mass transfer 
was limiting and fully developed nitrification was never 
obtained. Therefore, their conclusion is open to question. 
Keeping all other experimental variables constant they should 
have increased the contact time until the value of NH,-N 
removed would become independent of contact time. With such 
a value for the various contact times they should have carried 
out experiments with different concentration of initial 
ammonia-nitrogen♦
2.2.3. THE ACTIVATED SLUDGrE SYSTEM 
In the activated sludge process, sewage is aerated by 
diffused air or hy mechanical means, in contact with 
sludge* This activated sludge or biological floe contains 
the microorganisms that remove the soluble and insoluble 
organic matter in the sewage by a combination of adsorption 
and oxidation, or, assimilation. Aeration supplies the 
sludge microorganisms with oxygen and also keeps the floe 
in suspension. After a suitable contact time tlie sludge is 
separated from the sewage effluent. A portion is returned 
to be aerated with more sewage while excess sludge is wasted.
A great deal of work has been published on the activated 
sludge process, as a result of its widespread use in waste 
treatment. Of these, Downing et al (38) and Hopwood &
Downing (59) specifically dealt with design aspects.
2.2.2+. NITRIFICATION IN THE ACTIVATED SLUDGE SYSTEM 
Most investigations of nitrification kinetics have originated 
from activated sludge type systems. Several of these have 
included some attempts at mathematical analyses.
2.2.lj..1 • PROCESS KINETICS
The conditions necessary for nitrification in activated 
sludge system have been outlined by Downing et al (35, 3 6, 3 8, 
39> i+0) 9 Balakrishnan and Eckenfelder (9)5 Wild et al (121), 
Biczysko (12), and Shammas (100).
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Downing et al (35, 36, 38, 39, 1*0) have found from their 
studies with domestic sewage that,
a) the system requires at least 0.5 mg/1 of D.O. In 
measurements Y/ith a recording dissolved oxygen meter "based 
on the wide "bore dropping mercury electrode (88) in full 
scale activated sludge plant, it was found that above
, "Z
0.5 - 0.2 g/m concentration of D.O., nitrification proceeded 
vigorously and apparently at a rate independent of concentra­
tion of D.O. (35)*
b) rate of nitrification is not limited by concentration
of ammonia provided this is greater than 3 g of N/m^. With 
nitrite, the rate of oxidation is limited unless this is 
greater than 10 g of N/m^ (nitrite was generally added at the 
beginning of the experiment).
c) rate of nitrification is affected by change in temperature 
(69)• The kinetic constant of the organisms, relating maximum 
specific growth rate, or in day~^ and temperature,
T in °C, Y/as, 
for Nitrosomonas
L°gio/^M= 0.01*13T - O.914* in the range from 8° - 23°C
for Nitrobacter
Log-jof^ 0.0255T - 0.1*92 in the range from 8° - 23°C
2 .2 .1*.1
• # #2 .2 .1*.2
- an Arrhenius type relation.
The experiments were carried out with ammonia-nitrogen
(NH^-N) concentration g/m^.
d) Optimum pH range for nitrification was 7 - 8 .
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Studying the factors affecting nitrification kinetics with 
biofilter settled sludge, and NHyN concentration in the 
range from 6 - 60 g/m^, Wild et al (121) concluded that
a) Ammonia-nitrogen concentration did not inhibit nitrification 
belov/ GO g/m^,
b) Optimum pH Y/as 8 *6 ,
c) rate of nitrification increased v/ith the increase of 
temperature in the range 5° - 30°C,
d) the rate of nitrification is directly proportional to 
the amount of nitrifiers present in the system,
e) the rate of nitrification is uniform and constant, and, 
independent of residual concentration of ammonia-nitrogen.
Biczysko (12) investigated nitrification of sev/age by 
determining pH, B.O.D. and NHyN, nitrite-nitrogen (NOg-N) 
and nitrate-nitrogen (HO^-N) content• He found temperature 
should be greater than 18°C and the optimum pH range 6*8 ~ 7*2. 
No mention was made about the level of concentration of 
ammonia at which the experiments v/ere conducted.
Shammas (100) from his studies on optimization of biological 
nitrification with domestic sewage and a concentration of 
•NHL-N of 15 g/m^ concluded that,
a) the rate of nitrification displayed a sigmoidal dependence 
on NH,-N concentration,
b) highest nitrification rates occurred in temperature range 
25° - 33°C,
c) Optimum pH was 8.3*
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The sigmoidal nature of the rate of nitrification curve 
has heen observed by both Downing et al (35? 69) and 
Shammas (100). This however conflicts with the conclusions 
of Wild et ai (121 ).
Some authors have reported results differing widely from 
the above-mentioned reports. Wuhrmann (125? 126) found an 
appreciable reduction in NHyN concentration at D.O. level 
as low as 1 g/m^., Borchardt (16) reported that temperature 
had little effect on nitrification in the range of 15° - 35°C. 
According to Prakasam et al (95) there is no need to control 
pH in nitrification. Nitrification Y/as well maintained even 
at pH as low as if..9 • Pate of nitrification did not increase 
at all even increasing pH from 5 to 11. Unfortunately most 
of these reports contain insufficient description of process 
parameters, insufficient data, mostly qualitative observations 
or data under v/idely varying test conditions.
2.2.U.2. MATHEMATICAL MODELS
As a mathematical model of microbial cell growth, the Monod 
equation (83) analogous to the Michaelis-Menten equation (82) 
for enzymatic reaction has been widely used.
Doming et al (35) have expressed mathematically the operating 
conditions necessary for consistent nitrification in domestic 
sewage treatment by the activated sludge process. Their model 
is based on the concept that,
a) the rates of oxidation of NH^+ and N02~ are proportional to 
the rates of growth of Nitrosomonas and Nitrobacter respectively.
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b) in a favourable environment, when all nutrients are in 
excess, the rate of increase in concentration of bacteria 
due to growth of new cells is proportional to the existing 
concentration of cells*.
c) these growth rates are a function of the concentration 
of substrate, or NOg-N, according to the relation
proposed by Monod
dt “ Eg + S ...... 2.2.^*3'
and dx Y dS
dt “ dt ...••• .2.2
By combining these two equations and integrating they 
obtained the following relations
Y KS S (Kq 8 ) T + x x„ . Y(S - s)
Hwt =  b In _° + s + 0 ______2 In 0 + 0
“ x + Y S S Y S + x . , x -O o 0 0 o
• •• • •..2 .2 .^.5.
The above expression is the equation of the curve of changes
in concentration of NH--N with time.
3
The rate of change in the concentration of NOg-N with time
is a differential equation of the form
f d xdy _ m dx - 1  B............... 2.2.
dt ~ Y dt dt
. B/y
where dxR _ y\i xR
dt~ y "+ KgB  2.2.U.7.
It has not been possible to find an analytical solution for 
the above differential equations, k computer was, therefore,
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used to solve the equations by numerical integration.
Knowles and Downing (69) showed a good fit of their 
experimental data to their proposed models with a computer. 
They used river water for their studies, where the KH,-N
j
concentration was very low ( ^ 2 0  g/m^).
Except for Downing et alfs work, no other experimental
verification of the Monod equation explaining the growth 
kinetics of nitrifiers using the activated sludge method 
has yet been reported.
Shammas (100) proposed a mathematical model attempting to 
explain nitrification kinetics. The model is based on the 
Monod-Wyman-Changeux allosteric model of enzyme kinetics.
The M-W-G model can be represented as follows:
V = K'E Z ( 1 + 2> n~1 + LcZ +C-Z) n~1
(1 + Z)n + L (1 -f-c. Z)n
The basic terminology used by Monod and co-workers are:
a) allosteric enzymes are proteins having multiple substrate 
binding sites.
b) allosteric effects result from the interaction between such 
distinct specific sites.
c) these allosteric effects are brought about by a molecular 
transition (allosteric transition) which is induced in the 
enzyme after binding with the substrate (allosteric ligand).
d) allosteric interaction seems to 1)6 correlated with 
alterations of the quaternary structure of the protein 
(i.e. alterations of the bonding between sub-units)*
e) allosteric enzymes are polymers (oligomers) Yi’hich are 
composed of identical and finite number of sub-units*
It is of interest to note that when the allosteric constant,
L, approaches zero i.e. for enzymes showing no allosteric 
effects, the above equation simplifies to:
V = j£fE  -
(1 + Z)n
= K*EZ 
1 +Z
and since Z = S/K_/
v K'ES 
= % +s
This is essentially the Michaelis-Menten equation which is 
analogous to the Monod equation. The main difference between 
the two models is that in the M-W-C model, velocity of the 
reaction is proportional to enzyme concentration while in the 
Monod*s equation, it is proportional to the microorganism 
concentration.
Shammas proposed that enzyme concentration could be represented 
by microbial density because he assumed that:
a) the overall rate of ammonia oxidation is proportional to 
the amount of enzymes synthesised by cells, and,
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b) the amount of enzyme surrounding the microorganisms is 
proportional to the microbial mass liberating them.
On the basis of these assumptions he concluded that the rate 
of ammonia oxidation will vary in the same manner with 
respect to the concentration of both enzyme and microbial 
mass. By applying this analogy he rewrote the M-W-C model as:
v = K'X - - O  + cZ)11 1 
(1+Z)n + L(1 + cZ)n
».. •. • «2.2.Lj.«9*
for nitrification kinetics.
The basis of this mathematical model is, evidently, more 
logical than the Monod relation. However, there are a number 
of parameters, L, N, c , K^/and K^, which are difficult to 
determine experimentally. An attempt was made by him to 
evaluate these parameters by a curve fitting method. It is 
always desirable, if possible, to represent experimental 
results by a mathematical model dealing with macrovariables 
like specific growth rate, number of microorganisms, substrate 
concentration etc. Moreover his assumption that the enzymes 
taking part in nitrification reactions are allosteric oligomers 
need to be validated. The only way to do so is to isolate the 
enzymes, but no attempts in this regard have yet been reported.
2.2.5* INHIBITION IN NITRIFICATION OP WASTE WATER 
It is now well known that many constituents of industrial 
wastes such as those containing phenols, nitrites, thiocyanates 
nitrates, ammonia, volatile acids etc. are inhibitory to 
nitrifying bacteria.
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Work on inhibition of nitrification in activated sludge 
system was carried out by Tomlinson et al (117) and 
comparative work between activated sludge systems and a 
biological filter is described by Downing et al (37)* Both 
these works conclude that the long term effects of inhibitors 
often differ from their immediate effects and one of the 
most important factors to note is the ability of activated 
sludge to become adapted to the inhibitor. Biological filters 
are found to be less sensitive to the effects of inhibitors 
than comparable activated sludge plants.
A mathematical model for both batch and continuous culture 
of microorganisms utilising inhibitory substances was 
suggested by Andrews (6). This has been discussed in detail 
later in section 3*3«3*
Studies specifically with phenolic wastes have been carried 
out by many investigators - Graham (56), Biczysko et al (11), 
Howe (6l),Wurm (127) and Suschka (107)* Bohnke (11*), Howe 
(6 0, 61) and Ludzack et al (7 6, 79) have worked with wastes 
containing cyanide compounds. Carbonisation effluent 
(containing phenol, thiocyanate, cyanide etc) treatment by 
an activated sludge system has been carried out by a number 
of investigators: Ashmore et al (7)» Cooper et al (28, 29)»
Cooke et al (27) and Ludberg et al (77)*
3* S U R V E Y  O P  R E P O R T E D  W O R K  O N
p A R A M E T E R S  a p  p e c t I n g 
O X I D A T I O N  O F  A M M O N I A .  A M D  
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3. SURVEY OF REPORTED WORK ON PARAMETERS AFFECTING-
OXIDATION OP AMMONIA AND ON CONTROLLED pH STUDIES,
3.1. OXIDATION OF AMMONIA
High substrate concentrations have been found to inhibit 
growth and distort the metabolism of microorganisms. The 
following table summarises some actions that can cause a 
reduction in the metabolic activities of a cell by high 
substrate concentration as reported by Edwards (k3)•
a) permeability of cells may be altered
b) activity of one or more enzymes may be changed
c) dissociation may occur of one or more enzymes or metabolic 
aggregates '
d) enzyme synthesis may be affected by interaction with 
genome or transcription process
e) functional activity of the cell may be influenced
The following table summarises the most plausible mechanisms 
for growth inhibition due to high substrate concentration as 
reported by Edwards (2+3) *
a) chemical reaction with one or more cell components
b) adsorption or complexing with enzyme, coenzyme or substrate
c) entry of inhibitor (in this case the substrate) into.the 
reaction sequence
d) dissociation of enzyme aggregates
e) modification of physicochemical variables of the external 
solution (such as pH, ionic strength, dielectric constant, 
solvent activity)
f) complexing or other interactions with control function 
within the cell.
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The inhibitory effect of high ammonia concentration on 
nitrification has often been reported in treatment of some 
industrial waste waters (72, discussion of 35)• No 
systematic work with high initial concentrations of ammonia- 
nitrogen as key nutrient has yet been reported in waste water 
treatment. Some work has been published on pure cultures of 
Nitrosomonas.
According to Meyerhof (80, 81) the optimum concentration of 
NH^-N for Nitrosomonas is 70 g/m^. At higher and lower 
concentrations the rate of oxidation declines very sharply.
Hofman and Lees (58) reported a maximum activity of Nitrosomonas 
at NH^-N concentration of i*0 - 800 g/m^.
Loveless and Painter (76) used pH controlled batch cultures 
containing carbonate to study the growth of Nitrosomonas. 
Inhibition v/as observed at 2500 g/m^ N0^“N together with an equal 
concentration of NHyN which was added to neutralize the acidity 
formed.This .is much higher than any other reported value.
Experiments using different ammonium sulphate concentrations 
with a pure culture of Nitrosomonas has also been reported by 
Skinner & Walker (102). They reported very inconsistent 
results with ammonium sulphate concentrations of 500 and 1000 
g/m^ in a continuous process. They suggested that some other 
factors must have been limiting the growth rate.
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Taylor and co-workers (115)? v/orking with activated sludge* 
found that the optimum concentration of NH^-N was 320 g/m^.
The work was carried out at uncontrolled pH, where due to 
nitrification, pH dropped from 8o0 to 7*1®
Goel and Gaudy (53) carried out hatch experiments in an 
activated sludge system with NHyN as growth limiting nutrient. 
Concentration of NH^-N varied from 1-100 g/m^. In all cases 
maximum specific growth rate was attained at 20 g/m*^  NH^-N 
concentration at 25°C. There was, however, no mention of pH 
of the system, hut in a subsequent series of experiments (53) 
pH was held constant at 6.8 .
Working in an activated sludge system at controlled pH 8.5 
and temperature of 20°C, Wild et al (121) showed that NHy-N 
concentration did not inhibit nitrification in the range of 
6 - 60 g/m^.
It is therefore clear that very little systematic work on 
nitrification with high initial ammonia concentrations has 
heen reported. The present work is an attempt to carry out 
a more complete study of the process.
3.2. CONTROLLED pH STUDIES
At high pH, ammonia-nitrogen may he lost as free ammonia from 
a system (see figure 1 ). The response of nitrifiers to pH
in pure culture has heen mentioned in section 2.1.2. Controlled 
pH studies particularly with wastewater in activated sludge 
systems have only recently heen reported hy Wild et al (121) 
and Shammas (100).
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Optimum pH for nitrification was found to be 8 .14. by Wild et al 
(121) at temperature 30°C and in the range of ammonia-nitrogen 
concentration 6 - 60 g/m^. Hov^ever, the drop in NH^-N 
concentration with time was uniform and constant through the 
entire length of the experiment - which is in conflict with 
the results so far reported*
Shammas (100) obtained an optimum pH of 8 .3 for nitrification
with initial concentration of NH_-N of only 15 g/m^ and temper-
3
ature 25°C.
Prom their studies, D.S.X.R. (33) reported that for nitrific- 
ation in an activated sludge system, the optimum range of pH 
was between 7*5 - 8.5* Nitrification appears to occur only 
slowly, if at all, at values outside the range of pH 6.0 to 
about pH 10.0* No mention has however been made about the 
initial concentration of NHy-N or the temperature at which the 
experiment was carried out.
The kinetic constants of Nitrosomonas relating ^  and pH have 
been determined by Downing et al (39). They have reported 
that in the range of pH from 6 to 7*2, the growth constant 
I^ Mp* varies with pH value approximately in accordance with the 
empirical relation
^MP “ ^  (7*2 - pH)
......*3*2.1.
Where 0.12 (T - 15)
= 0.18 e .......3 .2 .2 .
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an Arrhenius type relation, where the ^  represents the 
maximum specific growth rate in the temperature range from 
5° ~ 25°C. They also reported that the growth constant, 
changes only slightly between pH 7*2 to 8*0 though little 
detail v/as given*
Such lack of information together with the importance of the 
effect of pH on nitrification, suggested that the present 
work he carried out at different levels of controlled pH*
3*3. MATHEMATICAL MODELS
A mathematical model is a concise summary of experimental 
results and can he used as a quantitative hasis for process 
design*
3.3*1. MATHEMATICAL MODEL FOR BACTERIAL GROWTH KIKETICS— «———— i bww j . m —— m w xw w w u m B iw B B W B w w w w w w iiw w w —w w —w w w w w m b w
Although the kinetics of bacterial growth and substrate 
removal are known to play an important role in the design 
of activated sludge waste treatment processes, the effect of 
changes on the kinetic parameters due to heterogenous population 
have not yet been fully investigated* However, since in pure 
culture, the relation between the bacterial growth and the rate 
of substrate removal can be represented by the Monod equation, 
it is reasonable to suppose that the kinetics of this type 
would also apply in waste treatment systems.
As discussed in section 2.2*i|,.2* the mathematical models 
proposed by Downing et al (35) are based on the Monod equation. 
These models relate the growth of heterogenous populations
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(nitrifiers) with substrate removal in an activated sludge 
system.
Apart from Downing et al, only Ramanathan and Gaudy (96) 
showed that the growth of heterogenous populations is well 
described by the Monod relation. They used a synthetic waste 
containing glucose as the sole carbon source and limiting 
nutrient.
However, there are many cases (including Monod*s own results!) 
in which observed values of cell concentration differ from 
values calculated from the Monod equation. Jones (66) and 
Grady et al (55) showed that their results did not fit the 
Monod equation at all. Jones (66) concluded that the amount 
of substrate required for the maintenance of "viable1* micro­
organisms and the amount of substrate removed by any "non- 
viable" microorganisms present could have a marked effect on 
kinetics of substrate removal in the activated sludge system. 
According to him, cells capable of division are "viable”, and 
"non-viable" cells are those which cannot multiply but still 
retain some metabolic activity.
Several modifications of the Monod equation are suggested in 
the literature. A general review of this is given by Chiu et al 
(25)* They also tested different models with steady state 
data of heterogenous populations in an activated sludge system. 
They found that their data fitted fairly well to the Monod 
equation modified by including an endogenous respiration term.
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An excellent review of the application of the original and 
modified equations to heterogenous population of wastewater 
treatment processes is given "by Gaudy et al (51)* They 
concluded that the information obtained with pure cultures 
may he useful, hut application to waste treatment systems 
must always he made keeping in mind the hasic differences 
which are (a) the heterogeneity of the populations, (h) the 
high ratios of organisms to available substrate and (c) the 
physiological condition of the cells.
Dahes et al (30), from their studies on kinetics of substrate 
limited growth, concluded that "workers modelling the growth 
of microorganisms should give at least as much consideration 
to the Blackman (13) form as is given to the Monod equation”. 
Prom his studies of the rate of photosynthesis as a functions 
of COg concentration and light intensity, Blackman ?/as the 
first in proposing the concept of a rate limiting step, or 
"master reaction" in biological systems. Without any mathemat­
ical proof he suggested that the maximum rate of such a process 
is determined by, and equal to, the maximum rate of the 
slowest forward reaction in the series. Applying the Blackman 
concept to their experimental results Dabes et al concluded 
that Blackman kinetics provides a valid discontinuous mathemat­
ical function for microbial growth. According to this view, 
the maximum specific growth rate is not just some fictional 
condition approached assymptotically at high substrate 
concentrations. Rather, there exists two distinct regimes; 
one in which external substrate level limits the specific 
growth rate, and, another in which the level of some internal
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“pacemaker” enzyme limits the specific growth rate®
In their studies of wastewater treatment, Garrett & Sawyer 
(lj.8 ), Eckenfelder & McCabe .(2*2) and Grady et al (55) 5 
proposed a discontinuous function similar to Blackman kinetics 
to relate the growth rate and the limiting substrate concentr­
ation.
In this present work, both the Monod equation and Blackman 
kinetics have been given equal consideration in modelling 
the bacterial growth kinetics.
3*3*2. HIGH SUBSTRATE CONCENTRATION STUDIES A.HD MATHEMATICAL 
MODELS
Section 3*1 states that no systematic work with high initial 
concentration of ammonia as growth limiting substrate has yet 
been reported in waste water treatment.
Gaudy et al (I4.9 , 50) carried out some batch experiments with 
glucose as growth limiting substrate and inoculum of domestic 
sewage origin. Specific growth rate has been determined for 
wide ranges of high initial concentration of glucose. However, 
they did not observe the variation of specific growth rate with 
substrate concentration, as is represented by the Monod 
equation. Experimental evidence of "growth rate hysteresis”
(the transient nature of the variance of growth rate with 
substrate concentration) as pointed out by Perret (92) was 
obtained. Well defined exponential growth phases (i.e. p. varies 
with SQ as well as S) were developed at initial substrate
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concentration "below that required for maximum specific 
growth rate* They showed that their experimental results 
could he well explained hy a modified form of the Monod 
equation* The equation can he represented in relation to 
the Monod equation as follows
...... 3.3.2*1 ♦
Peil & Gaudy (9^) also verified the applicability of the 
above equation using municipal wastes as substrate* It is 
suggested by Gaudy et al (h9) that the external substrate 
concentration initially present "sets" the specific growth 
rate by establishing a steady state internal concentration of 
substrate, possibly through the control of a number of 
permeation sites*
A similar "growth rate hysteresis" was also observed by Storer 
and Gaudy (106). They carried out experiments with glucose 
as substrate and an inoculum of domestic sewage origin in a 
continuous flow completely mixed reactor. After establishment 
of a steady state condition, the system was subjected to a 
threefold step increase in feed concentration and the transient 
response was observed* The transient values of the specific 
growth rate constant at various substrate concentrations 
observed during the transient state were not consistent with 
those predicted by the Monod equation.
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A similar effect of well defined exponential growth phases 
(at initial substrate concentration helov? that required for 
maximum specific growth rate) was observed in the present 
work. This has been discussed in section 7*2.2.
3*3*3* INHIBITION DUE TO HIGH SUBSTRATE CONCENTRATION 
AND MATHEMATICAL MODELS
It is often found that high substrate concentrations inhibit
groY/th and distort the metabolism of microorganisms. Powell
(9k) pointed out that the Monod equation cannot be valid for
those substrates which limit growth at low concentrations and
are inhibitory at higher concentrations. To explain the
dynamic behaviour of microorganisms utilising an inhibitory
substrate, Andrev/s (6) suggested the equation proposed by
Haldane (37) for the inhibition of enzymes by high substrate
concentrations. The equation can be represented as follows:
n = ^
1 +fs + f-
S i ...... 3.3.3-1.
No experimental verification of the above equation was 
presented.
Boon and Laudelout (15) used the same relation to explain 
the inhibitory action on Nitrobacter Winogradsky! by its 
own substrate, nitrite. Their experimental results agreed 
well with the above equation.
This equation has, however, not yet been validated as 
describing the inhibitory action of high ammonia concentration 
in wastewater treatment.
3k
In a review by Edwards (U3) eight sets of experimental data 
were tested with five different mathematical models dealing 
with substrate inhibition* These experimental data are 
from batch culture measurements of specific growth rate and 
respiration rate at widely-ranging substrate concentrations 
of different workers. The models are
(1)
i + f s  + L
S Ki .......3 .3.3.2 .
(ii) M* *
|XMS (1 + 8/K)
Ks + S + S /Kj -z -z 3 3
(iii) H = •hi8
Kg + S + (sV k^ O  + S/K)
...**•.3*3 • 3 •
(iv) n = ^MS exp (-S/^)
Kg + S •••»«•»3*3*3*5*
and
(v) (i = (ij, £ exp (-S/Kj) - exp (-S/Kg)^ ]
   ....3*3*3*6.
Though significant differences were found, no one model 
proved to be superior to the rest.
Pawlosky (89) used a mixed culture (derived from soil and 
activated sludge) to degrade phenol which was inhibitory to
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microorganisms at high concentrations* The above mentioned 
five models for substrate inhibition were applied to the 
experimental data. No significant differences were found 
between the models on the basis of fit. The simplest model*
i.e. Haldane model, was therefore chosen. None of them 
gave a satisfactory fit particularly at maximum specific 
growth rate. No explanation for this has been presented.
None of these models has yet been shown to describe the 
inhibitory action of high ammonia concentration in wastev/ater 
treatment. In the present work an attempt has been made to 
explain the inhibitory action of high ammonia concentrations 
using the above models. This has been discussed later in 
section 7 *2 .2 .
3.h APPLICATION OF VAN SLYKE REACTION IN NITRIFICATION 
IN WASTE WATER TREATMENT
Some nitrogen may be lost during the oxidation reaction
between ammonia and nitrite by the van Slyke reaction. This
has been well investigated, most recently by soil scientists
investigating nitrogen losses from fertile soil. The equation
is
HH. + + N02“— >  Mg + 2HgO
• »«»«.*3*^ 4-*^ *
This reaction only proceeds in acid conditions. However, 
the nitrifying bacteria do not favour acid conditions for 
their growth, and in addition there is some conflict in the 
published results.
Wahab and Uddin (118) reported negligible effects at low 
^concentrations and significant effects only on dessication. 
of soil (in which high concentrations are produced): the 
van Slyke reaction then occurs at very high pH. Their 
experimental method is open to question since nitrate was 
not estimated and apparent nitrogen loss may have been in 
fact due to oxidation of nitrite to nitrate.
G-erretson and de Hoop (52) reported substantial nitrogen 
loss in acid conditions, but they also did not include the 
data on nitrate determinations in their work.
Sinha (101) reported appreciable nitrogen loss during bacterial 
nitrification, particularly in the first stage. However, no 
data on nitrite levels in the first stage was given, nor was 
any attempt made to estimate nitrogen combined in bacterial 
cell material.
Smith and Clark (i 02+) carried out a comprehensive investigation 
of this effect, with analyses of both solutes and gases evolved 
from sterile systems. Their paper also includes a useful 
summary of various workers' conflicting conclusions. Their 
conclusions were that in the presence of oxygen and in acid 
conditions, nitrite is much more likely to be oxidised to 
nitrate than to react with ammonium ions; this effect is 
enhanced in actual soil. Most of their results were, however, 
obtained using solutions of concentrations about ten times that 
of typical industrial effluents.
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This reaction can he useful in interpreting the loss of 
ammonia from wastewater. Investigations of this effect
 has not yet been reported in wastewater treatment. Work
has been carried out in the present study to assess the 
significance of this reaction in nitrification of waste­
water.
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)1+. E X P E R I M E N T A L  M E T H O D S  A N D
M A T E R I A L S .
*
k* * EXFBRIMENT A.L METHODS AND MATERIALS
1^1 . SELECTION OP WASTE-WATER TREATMENT METHODS' ' - *
Biological wastewater treatment methods use either the
• activated sludge or biological filter system® The present 
work has been carried out by activated sludge system 
considering the following facts:
a) The biological filter is a heterogenous system® Several 
workers have shown (see section 2 .2 .1 . and 2 .2 .2 .) that in a
.biofilter, the mass transfer in the liquid layer is the rate 
• limiting effect. The activated sludge system, though not a 
true homogenous process, utilizes more thorough mixing.
b) Temperature and pH can be controlled more easily due to 
quicker response times in an activated sludge system than in 
a biofilter.
c) In the event of any run upsets due to the introduction of 
an inhibitory substance, the turn-round time is substantially 
less in the case of an activated sludge system compared to that 
of a biofilter.
d) The apparatus was already available.
I*.2. SELECTION OP OPERATING VARIABLES
h.2.1. BATCH OR CONTINUOUS PROCESS
Biological nitrification is an inherently slow process. In a
* continuous wastewater treatment process by the activated sludge 
method, this would therefore demand a high residence time to 
conform to the need for a very low dilution rate and thus prevent 
any ’wash out1. This would either require an extremely large 
reactor which would be unwieldy, or, a very small influent flow 
rate which will be difficult to control. Moreover, any change in 
the influent substrate concentration could result in a complete . 
change of characteristics of the microorganisms e.g. acclimati-
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sation. Hence it will be difficult to assess the effects of any 
‘changes in manipulated influent substrate concentrations.
In a continuous process it will also be relatively difficult to 
follow the changes in product or substrate concentrations a.t any 
particular time during the course of the reaction.
It was for these reasons that the present work has been carried 
out in batch process..
2*.2.2. MEDIUM COMPOSITION
Inhibition of nitrification by high concentration of ammonia 
may create problems in the nitrification of some industrial 
wastewaters. This is not encountered at all in domestic 
sev/age. The present field of study was therefore based on a 
synthetic industrial v/astewater.
Studying thoroughly the medium composition used by Tomlinson 
et al (11?)* Balakrishnan and Eckenfelder (9) and Skinner and 
Walker (102) - a medium of composition as shown in TABLE 3 
was chosen for present field of study. Any specific change 
in the composition has been mentioned in section 5 dealing 
with experimental results.
Nitrifiers synthesise their cell material from COg in air.
Here sodium bicarbonate was used as a reserve carbon source 
so that carbon source could not limit the groY/th of the micro­
organisms. It has been shown later (see section and
that higher concentration did not increase the growth
rate.
Nitrifiers also need phosphates, magnesium and traces of iron 
for their growth and reproduction. Phosphates are needed to 
synthesise energy rich phosphate bonds and nucleic acids.
kO ' .
TABLE 5
SUBSTANCE CHEMICAL COMPOSITION CONCENTRATION 
IN THE FERMENTATION 
MEDIUM
Ammonium
Sulphate
Sodium
■bicarbonate
Magnesium
Sulphate
Potassium
dihydrogen
orthophosphate
Ferrous
Sulphate
{ m k)2s°h
NaHCO.
MgS0^ 7H20
KHgPO^
FeSO^HgO
26k s/m  ^
252 g/m3 
50 g/m3
70 g/m3 
trace
i+1
Magnesium and iron are needed for the synthesis of enzymes. 
Therefore, these constituents v/ere added in the medium in 
the form of magnesium sulphate, ferrous sulphate and potassium 
dihydrogen orthophosphate. It has been shown later (see 
section 4 *U*4 * and 4 *4 *5 *) that increase in concentration of 
magnesium and phosphate did not affect the growth rate of the 
microorganisms.
The fermentor was of 5 litre capacity, hence 3 litre of 
medium was used in each case.
2*.2.3. CHOICE OF TEMPERATURE
The optimum temperature for growth in pure culture has been 
frequently reported to be around 30°~35°C. This has already 
been discussed in detail in section 2.1.3* Optimum temperature 
for nitrification by activated sludge system was found to be 
between 25°-30°C by most of the investigators - Downing et al 
(35)t Wild et al (121), and Shammas (100). This has been 
reported in detail in section 2.2.4*1* Therefore, the present 
studies were conducted at a constant temperature of 25°C, 
a) to limit the range of operating parameters investigated, 
to) to avoid serious loss by evaporation, and 
c) it is more convenient to control because of its proximity 
to ambient conditions.
4.2.1** DISSOLVED OXYGEN CONCENTRATION 
The effect of dissolved oxygen (D.O.) concentration on 
nitrification of wastewater by activated sludge system has 
been discussed in section 2.1.4*1* The present studies were 
conducted with D.O. level at about 8 g/m3 (saturation level)
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which was well above the concentration (0 .5 - 1 g/m ) that 
may cause growth inhibition*
4*2*5* AERATION
Compressed air was sparged via an air filter into the medium* 
The air filter was filled up with glass wool to avoid the 
ingress of dirt and hence blockage of the air sparger. The 
air flow rate was controlled manually so that the D.O. concent 
ration of the medium was constant at about 8 g/m^. The rate 
of aeration was ?vo£ of air/volof medium/m in* which is a 
standard fermentation practice.
4.2.6. AGTTATION
In activated sludge process rapid and complete mixing is 
essential for maximum efficiency. In the present v/ork, the 
medium was agitated with a six bladed turbine agitator at a 
speed sufficient to ensure that proper mixing was taking place 
without any vortexing or undue foaming and frothing.
4.2.7. ASEPTIC OPERATION
As nitrifiers are highly specific in nature, therefore medium 
sterilisation was considered unnecessary.
4.2.8. £H
With controlled pH studies, different experiments are carried 
out at different pH. These have been mentioned with the 
tables of experimental results (see section 5). With high 
concentration of ammonia studies experiments were carried out
at controlled pH 7 due to the following factss 
a) to avoid van Slyke loss
h) to avoid loss of ammonia hy air stripping at higher pH
c) the optimum pH for the growth of the pure microorganisms 
and also for nitrification ranges between pH 7-9 > as reported 
by different workers (see section 2 .1 .2 . and 2 *2 .4 *1 ®) *
U.2.9® LOSS OF AMMONIA BY AIR STRIPPING-
To account for this loss, the outgoing air was passed through 
a solution of decin'ormal sulphuric acid. This was then 
analysed for NH^-N. '
h.2.10. STOCK CULTURE
The source of nitrifying bacteria was the activated sludge 
from a pilot scale plant of BISRA (British Iron and Steel 
Research Association). This was kept with continuous aeration 
and a frequent supply of nutrients at room temperature. 
Compressed air was passed through a diffuser stone, which also 
served as an agitator. A nutrient supply of composition 
similar to the medium used for nitrification studies, was used 
to maintain the inoculum. Ammonia-nitrogen concentration was 
maintained at about 50 g/m^ through nitrification studies at 
controlled pH. Later it was maintained at 100 g/m^ through 
nitrification studies at high initial concentration of ammonia.
It is usually supposed that the two genera Nitrosomonas (which 
oxidises ammonium ion to nitrite) and Nitrobacter (v/hich 
oxidises nitrite to nitrate) constitute the classic group of
'’nitrifying organisms". It is on these two that attention 
was concentrated here. The sludge was considered here as a 
complete system , oxidising in two distinct phases. While 
other microhial species may have "been present, they Y/ere 
considered as the "Nitrosomonas" phase and the ’’Nitrobacter” 
phase.
U.3. EQUIPMENT
Batch studies Y/ere carried out in a laboratory fermentor. The 
most important experimental variables like rate of aeration, 
agitation, temperature and pH can be controlled automatically 
on this apparatus.
DESCRIPTION OF THE APPARATUS 
A diagram of the apparatus is given on Plates I-IV be tv/e en pages 
53 & 56 together with a flow-diagram (fig. 2 ) showing the 
general layout.
The flov/sheet shows:
A. Fermentation vessel: It consisted of a fPyrexf glass
cylinder of 5 litre capacity. The top and bottom plates of 
this vessel Y/ere of stainless steel and sealed to the glass body 
by means of rubber gaskets. The top stainless steel plate 
contained mountings and nozzles for the following facilities:
I the agitator shaft, adjacent bearings and blades
II air inlet with air sparger and air outlet
III water inlets and outlets: one set for cooling effects
of agitator bearings. The other one is to control the temper­
ature of the fermentation medium.
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IV orifices for addition of medium and inoculum
V nozzles for addition of liquid to control pH
VI sampling tube
B. Air Compressor: this was located at the hack: of the panel*
C. Rotameter and air flow control system: the rotameter is 
calibrated in litre of air/min. It was graduated from 0 - 2 5 *  
The air flow was controlled by a needle valve, situated below 
the rotameter and a by-pass valve, situated above the rotameter.
D. Agitator speed control system: this is a calibrated speed
/
control system. There are 1 - 9 graduations which correspond 
to different r.p.m.
E. Temperature control system: Churchill laboratory thermo 
circulator was used to control temperature. It consists of a 
sealed transparent cylindrical tank with heater, pump, temper­
ature indicator controller and coil for cooling. A mains 
switch with integral lighting and a ’heater on* indicating 
light are incorporated on the front panel. The operation 
consists of initially filling the complete system with water, 
then isolating to a minimum volume closed loop, when the 
temperature controlled water is circulated continuously. The 
temperature setting is adjustable and the actual temperature is 
indicated on a clear circular scale in centigrade & fahrenheit. 
For cooling of the adjacent bearing of agitator shaft, mains 
water was passed through the cooling chamber continuously.
F. pH meter and controllers the pH is indicated in an 
edgewise scale and controls for setting the scale length 
and alarm levels are mounted on the front panel. All 
electrical connections are made at the rear of the instrument* 
The instrument is “basically a millivoltmeter measuring the 
potential from the pH electrodes* The potential from the 
electrodes connected to the input will he ahout ij.00mv (glass 
electrode +ve) at 0 pH and ahout lj.00mv (glass electrode -ve) 
at 11*. pH. Zero potential corresponds to pH 7* The pH prohe 
was inserted through the port on the side of the fermentor 
vessel. Before starting each experimental run the prohe was 
calibrated against standard buffer solutions. A pump was 
provided to meter decinormal sodium hydroxide to control pH of 
the system.
G-. D.O. meter and prohe: the system measures the partial 
pressure of oxygen by the polarographic principle. The system 
has range and temperature controls to read concentration of 
oxygen in percent and in ppm dissolved oxygen. The prohe 
consists of a rhodium cathode and a silver anode encased in a 
glass body and provided with two pin connectors. The cathode 
is connected electrically to the anode by a film of potassium 
chloride solution. A gas permeable teflon membrane is emplaced 
over the cathode to separate the cathode-anode assembly from the 
sample. Oxygen in the sample solution diffuses through the 
membrane. Diffused oxygen is reduced electrochemically at the 
cathode. This reduction of oxygen causes a current flow, 
proportional to the partial pressure of oxygen in the sample.
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The following reactions occur:
Og + 2^0 + i|e~- p* 1{.0H~ (cathode reaction)
UAg + I4.CI- AAgCl + (anode reaction)
Because current flow in the sensor is proportional to the 
partial pressure of the oxygen present, no current will flow 
in the system when no oxygen is present at the sensor tip.
This was used to read the D.O. concentration of the ferment­
ation broth. The probe was calibrated at frequent intervals.
H. Air outlet: the outgoing air was passed through a solution 
of decinormal sulphuric acid. This was then analysed for 
ammonia-nitrogen at frequent intervals to account for the loss 
of ammonia-nitrogen by air stripping.
k.k' EXPERIMENTAL METHODS 
2*.l*.1 . DEVELOPMENT OF INOCULUM
To use the stock culture (see section Lj..2.10) as inoculum, 
the amount necessary was centrifuged (MSE SUPER MINOR CENTRIFUGE) 
to separate the activated sludge. The sludge was then washed 
once with distilled water, centrifuged and finally suspended in an 
equal weight of distilled water. •
U.U.2. NITRIFICATION STUDIES AT DIFFERENT LEVELS OF CONTROLLED t>H 
These studies were carried out with the same medium composition 
as detailed in section U.2.2. A 10% of inoculum by volume was 
added. All the variables except PH were kept constant through­
out the whole series of experiments. The pH range investigated 
in these studies was from 6.0 to 10.0. The fermentation media 
were adjusted to the desired pH level and maintained at that
W
level for the duration of the experiment* Decinormal sodium 
hydroxide was used to control pH* Samples were withdrawn at 
suitable intervals* pH was checked immediately with another 
laboratory pH meter* All the pH probes were checked frequently 
against standard buffer solutions for accuracy. The accuracy 
was within - 0*1 units of pH. The samples were then filtered 
and analysed for ammonia, nitrite and nitrate nitrogen immedi­
ately by the assay methods described in Appendix 1 *
I4..U.3. STORAGE OF SAMPLE
To prevent any change in the nitrogen balance through biological 
activity the samples were analysed immediately after sampling. 
However, when storage of samples could not be avoided, samples 
were kept at i|°C in the fridge v/ith a preservative, HgClg 
(i+0 g Hg++/m^). pH of the sample was checked and adjusted to 
about pH 7* if necessary, immediately before the analysis was 
started.
l|*i}.*4* UNCONTROLLED pH STUDIES WITH INCREASE IN CONCENTRATION 
OF ALL THE CON^jT^NTS^oFl^DIUirTTABLE "*H0T
Some experiments were carried out with 100$ or more increases 
in concentration of all the constituents of medium at uncont­
rolled pH. In each case the starting pH was 7*5* An initial 
rise in pH was observed in each case. A turbidity was also 
noticed during the preparation of the medium, indicating the 
formation of a precipitate. The amount of precipitate formed 
was found to increase with the increase in concentration 
of the media-constituents. To investigate these effects some 
experiments were carried out.
Sterile media of similar compositions were aerated v/ithout 
any inoculum* All other experimental variables including 
temperature* agitation etc.* were held the same as before. 
Starting pH v/as 7*5* Same effects of increase in pH and 
precipitation were noticed. These indicated that these effects 
were purely chemical.
The precipitate was analysed and found to be ammonium magnesium 
phosphate. It is insoluble in alkaline pH. A similar effect 
v/as also observed by Gray* Dunne 11 and Lilley (56a).
Skinner and Walker (102) found that for pure culture of 
Nitrosomonas the optimum concentration of magnesium and 
phosphate necessary for their growth were 50 .0 and 7 0 .0 g/m^. 
Tomlinson et al (117) showed that a medium containing 252.0 
g/m^ NaHCO^ and 26l* .0 g/m^ ( Was no^
different from a medium containing these and 5 0 .0 g/m^ magnesium 
sulphate and 70.0 g/m^ KHgPO^, for nitrification studies by 
activated sludge method.
Therefore, it was decided to keep the concentration of MgSO^, 
7HgO at 50 .0 g/m^ and KHgPO^ at 70 .0 g/m^ for the rest of the 
present studies.
To investigate the effect of rise in pH some experiments were 
carried out with increase in concentration of only (NH^JgSO^ 
and NaHCO^. Media were sterilised. As before, no inoculum 
was added. All other experimental variables were held the same
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as "before. Starting pH v/as 7*5* No precipitation occurred. 
However ?the same effect of rise in pH was found.
To investigate this effect of rise in pH some experiments 
were carried out with increase in concentration of (NHj^SO^ 
only (i.e. concentration of NaHCO_ was 252.0 g/m^ in each 
case). Media were sterilised. No inoculum was added. All 
other experimental variables were same as before. Starting pH 
was 7.5* No rise in pH was noticed. Later only,sodium 
bicarbonate was dissolved in water and pH was noted at frequent
i
intervals. A rise in pH with time was observed. The rate 
was found to increase with the increase in concentration of 
NaHCO^. This rise in pH was most probably due to the following 
reactions
NaHCO, --- — )> Na+ + HCO “
5 D
HC03~ + HOH H2C03 + 0H~
■H
HgO + C02 + 0H~
Prom above experiments it was decided to carry out experiments 
with increase in concentration of (NH^)2S0^ only, keeping all 
other medium constituents at the same concentration as mentioned 
before i.e.
WaHCOj - 252.0 g/m3 
KHgK). - 70.0 g/m3 
MgS0.,7H20 - 50.0 g/m3
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U.U.5. UNCONTROLLED t>H STUDIES WITH INCREASE IK CONCENTRATION 
OF AMMONIA-NITROGEN (TABLE- NO." 25 -TFT ■
From these experiments it was found pH was dropping to the
acid region ( 6.0 ) within 2L\. hours. Actually the rate of
drop in pH was found to increase with increase in initial
concentration of NHyN. Nitrification stopped at this very
low pH. It was contradictory to the results obtained by
Prakasam et al (95) • They found nitrification could be well
maintained even at pH i+.9l However, it is not possible to
explain this phenomenon due to insufficient description of
the process parameter and experimental data provided by these
workers. In the present studies it was found that if now pH
was raised from this acid region to about neutral region
nitrification started again.
On the basis of the above experimental results, it was 
therefore decided to carry out experiments with high initial - 
concentration of NH^-N at a controlled pH level around the 
neutral region. ,
2*.l},.6. NITRIFICATION STUDIES WITH INCREASE IN CONCENTRATION OF
AMMONIA-NITROGEN ONLY AT CONTROLLED pH (TABLE NO. 2 &~29)
From the analysed results of controlled pH studies the optimum
pH for nitrification was found to be 8.5* Therefore, some
experiments were carried out with high initial concentration of
NH^-N at controlled pH 8.5* The experiments were discontinued
because of the high loss of ammonia at this pH level (the results
were not included in this work). Some experimental results
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(Table Noe 28 - 2 9) with high initial concentration of 
ammonia nitrogen at controlled pH level 8.0* and 7*5 are 
presented. Similar effect of high loss of ammonia was 
observed. The experiments were not continued since such 
high losses of ammonia would cause inaccurate material 
balances.
Considering these results and from the nature of the curve 
of % free ammonia as a function of pH (see fig. 1 ) the pH 
level for further high concentration of ammonia-nitrogen 
studies was chosen as 7*0 .
1|- • u. 7 * HIGH INITIAL CONCENTRATION OP AMMONIA-NITROGEN STUDIES 
Medium composition
NaHCO- - 252 g/m3
MgSO. 7H20 - 50 g/m3
KHgPO. - 70 g/m3
FeSO^ 7HgO - trace
(HH^JgSO^ - different for different experimental runs, actual 
concentration was detailed with the experimental results tables 
in section 5 *
A 10% of inoculum by volume was added. All the variables were 
kept constant throughout the whole series of experiments. The 
fermentation media were adjusted to pH 7 and maintained at that 
level for the duration of the experiment. Decinormal sodium 
hydroxide was used to control pH. Samples were withdrawn at 
suitable intervals. pH was immediately checked with another
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laboratory pn meter, samples were tnen filtered. and analysed 
for ammonia, nitrite and nitrate nitrogen "by the methods given 
in appendix. Random analyses were carried out for phosphate 
phosphoruS' (hy the method discussed in appendix 1 ) to ensure 
that the medium was not deficient in phosphate. Analyses v/ere 
also carried out to account for the loss of ammonia hy air 
stripping.
In some cases, to avoid the lag period, inoculum was developed 
under the same experimental conditions and medium composition 
as later followed during fermentation ( as stated above ). Time 
of acclimatization was varied depending upon the concentration 
of ammonia in the fermentation medium. It was then centrifuged 
to separate the nitrifying sludge. The sludge was then washed 
once with distilled water, centrifuged and finally suspended 
in an equal weight of distilled water, which was then ready 
to he used as inoculum.
In order to minimise" the effects of microhial strain adaptation, 
the experiments at high initial ammonia-nitrogen concentration 
were carried out in a sequence not in order of initial substrate 
concentration.
\ ■ '
Order of experiments hy initial substrate concentration in 
g/m3 NH^-R were 100.5 (Table 30) ; 558.0 (Table 31*) 5
2+1 U.O (Table 33) ; 208.0 (Table 31) ; 318.0 (Table 32) ;
1060 (Table 35) I 5200 (Table 38) ,* 3101* (Table 37) ;
2100 (Table 36) ; 3096 (Table 1+0) (with acclimatisation) ;
55.6 (Table 8 ) (reproducibility check) ; 1*900 (Table 39)
(with acclimatisation) ; 5000 (Table 1*1) (with acclimatisation).
5U
U*U«8. SIGNIFICANCE OF VAN SLYEE REACTION IN BIOLOGICAL 
NITRIFICATION
Substrate' solutions were prepared by warming separately solutions 
of ammonium sulphate and sodium nitrite to 25°C and they were 
then mixed. pH was adjusted with decinormal sulphuric or 
sodium hydroxide. Solutions were incubated at 25°C • Reactions 
were carried out in presence of air • Solutions were analysed 
at suitable intervals for ammonium, nitrite and nitrate. 
Experiments were performed at five different values of pH 
(I4. to 8) and four different substrate concentrations (112 to 
2000 g/m total nitrogen )• Since some workers reported 
enhanced effects in soil, killed cells of nitrifying bacteria 
were included in one set of solutions to check for any 
indication of a possible enhancement by biological material. 
Ammonia was determined by Nesslerization, nitrate by the 
brucine/sulphanilic acid method and nitrite by the sulphanilic 
acid/alphanaphthyl ethylene diamine method ( methods are given 
in Appendix 1) •
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KEY TO FIGURE 2
1. Fermentation Vessel
2. Agitator shaft* "blades and adjacent "bearings
3. Air compressor ----
k- Rotameter
5 . Air filter
6. D.O. meter
7. pH electrode
8. pH meter
9. D.O. probe
10. Air sparger
11. Agitator motor
12. Water cooled agitator bearing
13* Air inlet
11+. Air outlet and flask containing decinormal H^SO^ 
15* Agitator speed control
16. pH junction "box
17. pH percentage timer
18. Acid metering pump 
13. A lX a li iTvetis.if'irvg yum p
20. Churchill laboratory thermocirculator 
21 • Sampling tube
22. Agitator bearing cooling water supply and return
23. Medium heating water supply and return 
21*. Inoculum injection point
25. Medium addition nozzle
26. Thermowell
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5. T A B L E S  O F  E X P E R I M E N T A L
R E S U L T S .
5. • TABLES OF EXPERIMENTAL RESULTS
m rf  ii ■ i mnr in wm — — I — h h i t iit  ir r ir i i  t ii f "tr tii itrt i ~n~~irm n~n n iiTinrrvnTmn—r~rt
5.1. NITRIFICATION STUDIES AT DIFFERENT LEVELS OF 
CONTROLLED pH
Nitrification studies at different levels of controlled pH 
were carried out with the following process variables:
Fermentor capacity - 5 litre.
Amount of synthetic waste water treated - 3 litre 
Amount of nitrifying sludge used - 10% by volume 
Composition of synthetic waste water: .
Ammonium sulphate, ~
Sodium bicarbonate, NaHCO^ - 252 g/m^
Magnesium sulphate, MgSO^^HgO - 50 g/m^
Dihydrogen potassium orthophosphate, KH^PO^ - 70 g/ra^
Ferrous sulphate - FeSO^, 7^0 - trace 
Temperature - 25°C 
Agitator speed - 210 r.p.m.
Aeration - 1 litre of air/litre of medium/min
D.O. concentration - 7*95 g/m^
All these variables except pH were kept constant throughout 
the v/hole series of experiments. The pH range investigated was 
from 5*0 to 10.0. The fermentation medium was adjusted to the 
desired pH level and maintained at that level for the duration 
of the experiment. Decinormal Sodium hydroxide was used to 
control pH. Samples were filtered and analysed for ammonia, 
nitrite and nitrate nitrogen. To account for the loss of 
ammonia by air-stripping outgoing air was passed through a 
solution of decinormal sulphuric acid. This was then analysed 
for ammonia-nitrogen.
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TABLE h
» m ■ ■ i ibiii 11iinmrmnTnuii w
CONTROLLED pH 5«0
m u i f i r i j —w m iiw r r r m w u n iirH i i i  n M V n m n n iirw  iiM'Trrmi n
Time
in
hours
Nitrogen in g/m^
NH-r-N
3
N02-N 0 1
1
• 
i
0*0 53.5 0.8 1 .1
2.0 52.5 0.8 1 .1
l+.O 52.3 0.8 1 .1
7.0 50.6 0.8 1 .0
11 .0 50.6 0.7 1 .5
23.5 50.6 0.7 1 .5
27.5 50.0 0.7 1 .5
46.5 50.0 0.7 1 .5
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TABLE 5
CONTROLLED pH 6.0
Time
in
hours
Nitrogen in g/m^
NH^-N
D
N02-N 0 1
0 .0 53.0 1.7 2.7
2 .0 50.5 1.7 2 .8
5.8 50.0 2.3 2 .8
1U -8 50 .0 1.5 3.2
23-5 50.0 0.9 4*0
27.0 50.0 0 .6 4*3
47.5 50.0 0.4 4.3
53.5 50.0 0.3 4.8
71.5 50.0 0 .2 5-4
75.5 49.5 0 .2 5.5
95.5 49.5 0 .2 6.2
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TABES 6 ( fig. 5 )
CONTROLLED pH 6.5
. ■« «»|iptimi|*l IB llll fli'J* !■ 11 ?T1" l-i I PlFI
Time (t) 
in
rmgttgwajua.aaam0.uuww: .............[Mill Ml I'mil !■ ■Ill1 -Mill IWWI|WIIIIIMJ»Mttl!l«aM!
nitrogen in g/ra^
ggna&n. .1 Tn’,>n,,w,irpr^ 'awr»Bwiiw««&w
hours HBL-N3
ho2-n ncy-n
$
T.o.n.
0*0 49*5 0.1 0 .7 >
24*0 45*2 1.2 2 .7 3.1
48*0 41 *2 3*4 5.0 7.6
70*5 35*5 7*5 8.6 15*3
95*5 28.3 4*3 17*2 20.7
119*5 23.6 0 .4 28.0 27*7
143.5 20.8 0*4 32.8 32.4
240.0 11.5 0.3 44*3 43.8
264.O 8 .0 0 .2 45*6 45*1
288.0 5.4 0.3 46*5 4 6 .0
312.0 4*4 0.1 4 8 .0 47.3
336.0 3.8 0.1 48.2 47.5
408.0 3.4 0.1 50.4 49.7
432.0 3.0 0.1 50.9 •
* T.O.N. «s Total oxidised nitrogen
*5 Actual Increase in total oxidised nitrogen 
concentration*
CONTROLLED -pH 7.0
Time
in
hours
Nitrogen in g/m^
NH--N5
NOg-N 0 ** 
I s
T.O.N.
0 ©0 50.5 0.5 0.1
2*0 49*4 0.9 0.1 0.4
5.0 48.4 1.5 1 .6 2.5
23*0 45.5 4 .8 5.0 9.2
26*5 41 * 6 5.8 5.8 11.0
29.0 3 9 * 5 6.5 6.3 12.2
47.0 33.2 10.8 11.1 21 .3
51.5 30.0 11.0 11*7 22.2
65.0 18.8 15 .0 18.0 32.5
67.5 15.6 14.3 20.8 34.5
86.5 12.5 10.8 28.0 38.3
97.5 9.0 3.4 37.5 40.4
142.5 6 .0 0.1 45.7 45.2
147.5 5.0 0.1 46 .2 45.8
217.0 2.5 0.1 48 .8 48.3
222.0 2.5 0.1 49.6 49.1
240.5 2.5 0 .0 49.7 49.2
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TABU! 8 . ( fig. 7 )
m irnnMMiir iT T ir  it i ' n u rm  n m  n .  %>Mf
CONTROLLED pH 7 .0HIHIIIB'II ■■■■■Iib.i.Vii.i fwmni
Time
in
Nitrogen in g/ra^
hours NH^-N NOg-N N0--N3
T.OoN.
0*0 55*6 1 .0 2*0
5*0 51+.8 1 .0 3.0 1*0
1 0 .0 53*0 1 *6 1+.0 2.7
16*0 51.0 2 .0 5.2 1+.3
21+.0 1+7*2 3*1 7*0 7.2
29*0 1+1+.6 3*5 7.2 7.8
37*0 1+1 .0 1+.3 9.7 11.1
1+2 .0 38*5 5*6 10*6 1,3.3
1+8 .0 35*1+ 7 *1+ 11 *5 15.9
53*0 32*0 9.8 12 .2 19*1
60*0 27*0 11+.3 11+.1+ 25.8
66*0 23.0 11+.5 16*0 27.6
72*0 18*6 11+.3 18*0 29*1+
80*0 16*5 13*7
oV<M 31.8
100*0 11.5 9.0 30*0 3 6.5
130*0 7*0 2*0 1+2*0 1+1.1
11+0 .0 6 .0 0 .2 1+1+.5 1+1 .8
178*0 5*6 0 .0 50 .0 +r .
63
TABLE 9. ( fig. 8 )
w b i>b  w j iwiauawiK E a aiBngiiaKx g i *
CONTROLLED pH 7 .3m ■ n-<w« fe-TM■ i ■ ■■ ■mtwrama
Time
in
hours
Nitrogen in g/ra^
NBL-N3 N02-N NO--IT3 T.O.N.
OeO 49.0 0.3 0.0
1.0 48.5 0.6 0 . 4 0 .7
2.0 47.5 0.7 0 .5 0.9
■3.0 46.0 1 .0 0 . 4 1 .2
11 .0 44.5 4.1 0 .4 4.3
20.5 43.0 8 .8 0 . 4 8 .9
24.5 40 .8 10.8 0 .8 11.4
32.5 34.5 16.5 2.9 19 .2
44.5 22.5 28.0 6 .8 34.6
48.5 17.4 29.4 7.9 37.1
53.75 12.5 30.5 10 .0 40.3
64.5 10.0 31.8 14.5 4 6 .0
71.5 8 .0 31.5 17.2 48.5
81.0 5.0 29.8 22.0 51.5
94.0 2 .6 24.8 27.8 52.3
97.0 2.5 23.5 29.5 52.8
119.5 2 .2 15.0 42 .2 57.0
143.5 2.4 0 .0 51.5
,
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TABLE 10. ( fig JO )
■uwnwr^ 'afnini'mT, jfti^ vw.wrnar* -  ^
CONTROLLED pH 7=5
n iiiwm nil 1 i ir—**"— '',|li,,,ri '■*’ '■ rr^ win im iimmw
Time
in
Nitrogen in g/ra^
hours HHL-N3 KOg-H NO--IT3
T.OoN.
0*0 50 .0 0.3 2 .0
2 .0 4 8 .0 1 .2 3.2 2.1
8*0 46.5 1.7 5.4 4.8
1 2 .0 U W 3.2 6 .2 7.1
1^*0 42 .0 4.0 6 .8 8 .6
23.0 37.5 11.8 8 .0 17.5
28.0 34-5 15.9 9.0 22.7
32.5 30.0 20.1 10 .0 27.8
38 .0 26.0 25.0 11 .0 33.8
47.0 19.0 27.0 13 .6 38.3
52 .0 16.0 31.0 14.8 43.6
64*0 10 .0 26.8 20.0 44.6
71 .0 7.0 26.9 23.0 47.7
91.0 5.2 17.4 34.4 49.6
95.0 2 .0 14.5 37.5 49.8
100.0 2 .0 1 .0 51.5 50 .2
121.0 2 .0 0 .0 53.7 51.5
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irnrriirrr-^ rraiB'i^ ' ■wninrrmn-1 1. ( fig.11 )r i n n i f r r n i i  '
Time
in
hours
immiiiiimi'1 '■" hi'iTi imy.li> n.dli i.IWi wnvy,i .TiiV-Ww»r«WiUlr.Ji» Unln-UHmUJU.-i^.i.
Nitrogen in g/m^
NEy~N NOg-N- N0 ^«N3
T.O.N.
OoO 50.0 1 .2 2 .0
2 .0 1*7.5 1.7 3.2 0 .1*
7*5 1*5 .6 1*.5 3.6 1**9
12.5 1*0.1 7.1 3.8 7.7
2 3 .0 25 .0 18.5 9.0 2i*.3
32.5 21.5 21.2 10 .0 28.0
36.5 15.0 26.3 11.0 31*.1
37.5 13.0 27.5 11.5 35.8
1*0 .0 9.0 31.0 13.2 .1*1 .0
1*1*.5 7.0 32.5 1i* .0 1*3.3
1*7.5 3.6 31*.0 15.0 1*5 .8
52.5 2.7 31*. 5 17.1* 1*8.7
71.5 0 .8 21 <0 32.7 50.5
76.5 0 .8 2 .0 51.0
95.6 0 .8 0.03 51.5 51.5
TABUS 12. ( fig. 12 )
CONTROLLED pH 8,5
«-TrT.nicBitfin»nTi^>i w-n^TTfi ignwr y ii i if-wrcrmrar-inTF y
Time
in
hoars NH~,*»N
3
Nitrogen in g/m?
T.O.N.
NH..-N lost 
by^strlpping 
y in 
g/nrV&ayno2~n N0--N3
0.0 61 .5 0.1 13.3
3.0 k9*h 3.1 16.2 5.9
8.0 I4.6 .5 9.0 19.8 - 15.4
1h.O 35-0 16.0 23.5 26.1
17-5 28*0 20.0 26.0 32.6
20 .0 23.5 22.5 28.0 37.1
22 .0 20 .6 25.0 29 .0 Lj.0 .6
2h .8 15 .0 28.0 31.0 U5.6 1.3
27 .0 ■9.8 33.7 33.7 51+.0
36 .0 5.0 36.U 38 .0 61.0
ho.o 3.8 36.2 39.8 62.6
h3.0 3.0 35.3 111 .2 63.1
4 6 .0 2 .U 33.0 kh* 0 63.6
51.0 1 .0 30 .6 U8 .0 65.2
70.0 1 .0 10.3 68.8 65.7
9h.O 1 .0 0.3 76.8
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TABLE 13. ( fig. 13 )ffnrni Tfii1 iiiwi■ itlT,'T,r r ,wr^ .  w
CONTROLLED pH 9 o 0■ ..... .■, UK, y.i.yujiiin ffi^ MTiWiirsnr'ri^ irti'i itwiaww'frnp'tfi^ TP
......  m’\9 1I.HUWFfflg
Time
in
hours
Nitrogen in g/m^
|.-'T" WIMWftWi 1’ »■ TIM WHMI
NH?-N lost 
by^stripping 
~ in 
g/mvdayRH^-N NOg-N N0,-N3
T.O.N.
0*0 57.0 0.1 13.3
i+.o 52.0 2 .1+ 17.6 6 .6
11 .0 1+3.0 6.5 20.2 13.3
17 .0 35.0 11 .0 22 .0 19.6
23 .0 26.8 15.9 23.7 26.2 2 .2
26.0 23.0 21.2 2 5 .0 32,8
28.0 18.6 21+.9 25.8 37.2
35.0 11.5 29.8 30 .8 1+7.1
38.0 9.0 30.3 30.8 1+7 .6
hh*0 5.0 30 .0 33.5 50.1
1+7.0 3.0 2 9 .0 35.5 51.1 0.01
52 .0 1.1+ 25.2 1+0 .2 52.0
71.0 1.1+ 8 .0 59.1+ 51+.0
95.0 1 .1+ 0.1 68 .6 55.3
TABLE 111. 
COKTROLLED -pH 9-5
Time
in
hours
Nitrogen in g/m^ lost *by 
stripping in 
g/m^/d&y*NH-~N3
ko2-n N0--N
3
0 .0 56.6 1 .2 14-8
4*0 49-0 r- r 0 * 0 .< 14 .8
23 .0 12.2 36 .0 2 0 .4 6 .0
28.0 2 .0 39 .0 26 .0
47-0 1-5 2 0 .4 48 .0 0.43
52.0 1 .6 9 .0 60.6
71 -0 2 .0 0.1 6 8 .4
COKTROLEED pH 10.0
n r nr i iiiiiMi mir < ~tti ■ i m m  irnTtnnirr^ gTi«iiigffrm>iWinir<"iiW pri
Time
in
honrs
Nitrogen in g/m^ 
NH«~N H0o-N . N0v~N3 2 $
M^*“N lost hy 
stripping in 
g/mJ/day6
OoO ' 60.0 0.1 9.2 -
3.5 51.5 0.1 9.2
22*0 33.2 1.9 1i* .0 - 20.3
27.5 25.0 3.0 1 5 .6
4 6 .5 14.8 4.2 2 0.1+ 8.02
51.0 14.2 4>8 22 .0
70*0 8.5 5.3 26.5 0.03
75.0 6.2 5.3 27.5
94.0 6 .0 5.3 27.5
5.2. UNCONTROLLED pH STUDIES WITH INCREASE IN
CONCENTRATION OF ALL THE CONSTITUENTS OF MEDIUM 
Experiments were carried out with 100% or more increase 
in concentration of all the constituents of medium (exact 
concentrations are shown in the tables) at uncontrolled 
pH with the following process variables:
Fermentor capacity - 5 litre
Amount of synthetic waste water treated - 3 litre 
Amount of nitrifying sludge used - 10% by volume 
Temperature - 25°C 
Agitator speed - 210 r.p.m.
Aeration - 1 litre of air/litre of medium/min 
D.O. concentration - 7*95 g/m^
Starting pH - 7.5
All these variables were kept constant throughout the 
whole series of experiments. Samples were withdrawn at 
suitable intervals. They were filtered and analysed for 
ammonia., nitrite and nitrate nitrogen.
Control of pH in industrial waste-water treatment can.be 
expensive. Experiments were carried out at uncontrolled pH at 
the beginning of the present studies. The unsteady results 
(TABLE 16 - 27 ) made to decide the present work to carry out 
at a controlled pH level.
The loss of NH^-N by air stripping at low concentration of SQ 
and pH around neutral region was found to be negligible. Therefore 
a day to day analysis was not carried out to account for this 
loss. The reported results of "NH-^ -N lost by stripping" correspon­
ding to TABLE 18 - 22 & TABLE 23 - 26 were an average loss of 
NH^-N by air stripping over the whole experimental period.
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TABXS_16.
Composition of synthetic waste waters
(RH. )2S0. - 26 b g/m3 (HHj-H - 56 g/m3 )
HaHCO, - 252 g/m3
KgSO. , 71^0 - 50 g/m3 
PeSO^ , THjjO - trace
Phosphate buffer (140.0 g/l KgHPO^ + 52.7 g/l KHgPO. )- 11ml/l
Time
in
hours
Nitrogen in g/m*5
pH
.. 3
ho2-n R0..-R
0 .0 1+2 .0 0.1
, .........,
3.7 7.2
2 .0 ho.o 0 .6 3.8 7.2
l+.O 38.6 1 .0 i+.O 7.2
8 .0 37.5 1.3 1+.2 7.2
11.5 35.6 2.5 6.1+ 7.1
22 .0 27.5 6.3 11 .6 7.0
2 7 .0 23.5 8 ,5 1 1+.8 6.9
33.5 21.2 8.5 2 2 .2 6 .8
1+6 .0 11+..6 7.8 28.0 6 .8
5 1 .0 12.0 6 .0 30.0 6.8
60.0 8.5 2.1 35.0 6.7
73.0 k*k 0,3 1+0 .8 6.6
81+. 0 k*b 0.3 1+1.1 6.6
94.0 _ 1+.1+ 0.2 41.1+ 6.6
TABLE 17.
tiniili i'iiT~ri—rrn rrn~~—’I -*" i r ?
Composition of synthetic waste waters
(HH^)2SOu - 528 g/m3 (NHj-N - 112 g/m3 )
NaHCO, - 504 g/m3
MgSO. , 7H20 - 100 g/m3
PeSO^ * 7HgO - trace
Phosphate buffer - 22 ml/l.
Time
in
hours
Nitrogen in g/m*5
pH v
NKL-N NOp-N n o3-n
0 .0 96.3 1.55 1 .8 7.5
5.0 91.0 3.0 3.0 7.6
24 .0 66.0 19.5 12.8 7.4
28.0 62.0 23 .0 12 .0 7.4
48 .0 35.5 31.8 30.6 7.2
52 .0 33.5 36.6 35.0 7.1 .
72 .0 13.5 4.2 79.0 7.0
76 .0 9.2 0 .0 85.8 6.9
96 .0 2.5 0 .0 93.0 6 .8
120.0 1.5 0 .0 96.0 6 .8
142.5 1 .0 0 .0 99.2 6.7
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TABLE 18.
Composition of synthetic waste water:
(KH. )2S0, - 792 g/m3 (NH^ -I-T -168 g/m3 )
NaHCO, - 756 g/m3
KgSOj_ , 71^0 - 1 5 0  g/m3
FeSO. f 71^0 - trace
Phosphate buffer - 33 ml/1.'
Time
■in
hours
pH
...-3....
N02-N
____3__ ... .
0 .0 153.0 1 .0 5 .0 7.6
4 .0 142.0 458 1 1 .6 7.8
6 .0 135.0 7 .5 14 .0 7.9
2 3 .0 78.0 40 .5 4 2 .0 7.4
28.0 70.0 52.8 48 «8 7.3
30.0 57.0 57.0 48.2 7.1
47.0 33.0 51.0 85.0 6.9
52.0 20 .0 43 .8 99.2 6*8
71.0 15.4 0 150.0 6 .8
76 .0 5.4 0 160.0 6 .8
96 .0 5.0 0 167 .0 6 .7
120.0 4.5 0 168.0 6.7
143.0 4.2 0 168.0 6*7
HH3-N lost hy stripping - O .36 g/m3/day.
TABLE 19
Composition of synthetic waste water:
(KH4 )2S0u - 1056 
NaHCO, - 1008 g/m3
'(hh3-n 22h g/m
, 7H20 - 200 g/m3MgSO,
FeSO^ # THgO 
Phosphate buffer ~ 14ic0 ral/l
trace
Time
in
hours
0*0
3.0
22.0 
27.0 
38.0 
h6.0
51.0
70.0
75.0 
9h.O
Nitrogen in g/m'
pH
■NH--N
182.5 
16U.5 
111 .0
91.0
57.0
35.5
28.5
16. ij. 
12. k 
3.6
N02-N
0.1
3.0 
35. k 
1*6.5 
62. k 
55.8
38.3
1.0 
0.1 
0
n o t-h
6.24.
11 .8  
2*3.2 
50.1*
70.0
96.3
129.0 
170.2
175.5
192.0
7.5 
7.9
7.6 
7.5 
7.2
7.1
7.1
7.0
7.0
7.0
NHy N  lost by stripping - 0 .2*3 g/m /day*
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TABLE 20.
Composition of synthetic waste waters
(KH^SO^ - 1330 g/m3 (KH^-N - 280 g/a3 )
NaHCO, - 1260 g/m3
MgSO. » 7HgO - 250 g/m3
PeSO^ P - trace
Phosphate buffer - 55.0 ml/l.
Time
in
hours
Nitrogen in g/nr
pH
NH^-N no2-n NO^-N
. . .. 3....
0 .0 221 .0 0.17 8 .0 7.5
4.0 192.0 6.3 16.5 7.9
23*0 135.0 37.5 53.7 7.4
28.0 108.0 54.6 71.6 7.2
1*0 .0 80.0 67.2 85 .6 6.9
1*7 . 0 65.0 63 .0 100.8 6 .8
52.0 45.4 1*3.5 11*4.0 6 .8
71.0 17.0 2.3 214.2 6 .6
76.0 12.5 0.1 220.0 6 .6
95.0 3.1* 0 .0 223.6 6 .6
Nfi^-N lost by stripping - 0*68 g/m^/day*
Composition of synthetic waste water?
(HH. )2S°k ~ g/m3 (NB3~N -336 g/m3 )
NaHCO, - 1512 g/m3
KgSO, , 7H20 -3 0 0 g/m3
FeSO^ r THgO - trace
Phosphate “buffer - 66. 0 ml/l.
Time Nitrogen in g/m"> pHin
hours n h3-n N02-N N03-N
0 .0 272.5 0 .2 9.2 7.5
4*0 247.0 8.3 16.2 8 .0
22.5 175.0 43.8 55.2 7.5
28.0 156.0 54.6 75.0 7.3
46.5 91.0 81.0 104.0 7.0
52.0 67.0 87.5 124.5 6.9
70.5 34.0 49.2 192,5 6.7
75.5 26.5 12 .0 250.0 6 .6
94.5 7.2 0 275.0 6 .6
99.5 4 . 4 0 276.0 6 .6
NH^-N lost by stripping - 0*78 g/m^/day.
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TABLE 22.
Composition of synthetic waste waters
(HH, )gSO^ - 181+8 g/m3 (NHyN -392 g/m3 )
NaHCOj - 1761+ g/m3
MgSO. » 7HgO - 350 g/m3
PeSO^ 9 7E^ 0 - trace
Phosphate “buffer - 77*0 ml/l.
Time
in
hours
Nitrogen in g/m
pH
KH,-N no2-n NO-.-IT
2
0 .0 315.0 0.3 8 .0 7.5
2+.0 265.0 11.3 19.2 8 .0
23 .0 159.0 87.2 57.5 7.2
28.0 138.0 110.0 68.0 6 .8
14-7*0 78 .0 11+6.1+ 108.0 6.7
52.0 62.5 11+6.1+ 120.0 6 .6
71.0 31+.0 68.8 220.5 6.5
76.0 28.0 15 .0 276.0 6.5
95.0 8 .8 0.1 315.0 6.5
100.0 8 .0 0 315.0 6.5
119.0 5.0 0 319.2 6.5
lost hy stripping - O .89 g/nrVday.
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TABLE 25.
OH Tiwiiri TirnfiiwinnrinT’trimrTrTTT
Composition of synthetic waste waters
m k)2 S°k ~ 2112 g/m3 (NH^-N « 448 g/m3 )
NaHCO^ - 2016 g/m3
MgSO^ 9 THgO - 400 g/m3
FeSO^ p THgO - trace
Phosphate huff ex’* - 88*0 ml/l.
Time
in
hours
Nitrogen in g/mJ
pH
n h7-n N02-N N03«N
0 .0 390.0 0 .2 16.2 7.5
4.0 366.0 18.0 2 2 .4 8 .0
23 .0 256.0 105.6 4 0 .0 7.4
28*0 232.0 129.5 44.0 7.4
47.0 156.0 192.0 68.0 7.1
52.0 136.0 189.0 87.0 7.0
71.0 70.0 102.0 230.0 6 .8
76.0 55.0 78 .0 276.0 6 .8
95.0 25 .0 14.3 360.0 6.7
120.0 10 .0 0 400.0 6 .6
144.0 6 .0 0 416.0 6 .6
167.0 5.2 0 425.0 6.5
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Composition of synthetic waste waters
(HH. )2S0. - 26U0 g/m3 -560 g/m3 )
NaHCO, - 2520 g/m3
MgSO. , 71^0 - 500 g/m3
FeSO^ t THgO - trace
Phosphate "buffer - 110.0 ml/l.
Time
in
hours
Nitrogen in g/r
pH
HH.-N
......j . .
NOg-N NO*—N. . 5 . . .
0 .0 500.0 0.9 7.1+ 7.5
U.5 l+i+8 .0 18.0 34.7 8.1
21*.0 330*0 115.2 81.7 7.6
28.5 296.0 11+8.5 90 .0 7.1+
1+7.5 185 .0 170.0 150.0 7.1
52.5 170.0 161.6 195.0 7.0
71.5 100.0 75.0 330.0 6.8
76.0 88 .0 55.2 360.0 6 .8
96.0 1+9.5* 5.0 1+50 .0 6.7
120.0 21 .2 0 1+80 .0 6.5
11+3.0 20 .0 0 510.0 6 •!+
11+8.5 19.5 0 510.0 6.1+
167.5 19.5 0 510.0 6 • JL+
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5.3* UNCONTROLLED pH STUDIES WITH INCREASE IN
CONCENTRATION OP AMMONIA - NITROGEN ONLY.
Experiments were carried out with increase in concentration 
of ammonia nitrogen only .at uncontrolled pH (exact 
concentration of ammonia nitrogen is shown in the tables) 
with the following process variables:
Permentor capacity - 5 litre
Amount of synthetic waste water treated - 3 litre 
Amount of nitrifying sludge used - 10% by volume 
Temperature - 25°C 
Agitator speed - 210 r.p.m.
Aeration - 1 litre of air/litre of medium/min 
Composition of synthetic waste water:
(NH^JgSO^ - different for different experiments. Actual 
concentration has been mentioned in the tables.
NaHCO, - 252 s/m3 
MgSO^, 7H20 -• 50 g/m3 
FeSO^, THgO - trace 
XHgFO^ - 70 g/m3
All these variables were kept constant throughout the 
whole series of experiments. Samples were withdrawn at 
suitable intervals. They were filtered and analysed for 
ammonia, nitrite and nitrate nitrogen.
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(NH^)2S°^~528 g/m3 (NH^-N- 112 g/m3)
Time
in
hours
Nitrogen in g/m3
pHNH*-N
j
iCM
o$3 no t~n
D
/
0 105.0 0 .2 4 .2 7.9
3.0 100.0 6.0- 4 . 4 7.9
6.0 92.0 10 .0 7.2 7.9
26.5 47.0 13.5 48 • 6 6.7
30.0 43.5 12 .0 56.0 6 .6
47.0 33.2 0.1 74.0 6.3
52 .0 27 .6 0 79.2 6.3
71.0 23 .0 0 84.O 6.3
76.0 22.5 0 85 .0 6.3
95.0 21.8 0 88 .0 6.3
100.0 21.8 0 89.0 6 .3
119.0 21 .8 0 90.0  
_  - - _  .
6.3
NH^-N lost by stripping - 0 .05 g/m3/day
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TABLE 26
(HI|)2SC^ -792 g/m3 (MHyN- 168g/m3)
Time
in
Hours
Nitrogen in g/m^
pHNH*-N N02-N N0-.-N
3
0.0 156*0 0.1 4.8 8.1
3.0 12+6*0 5 .9 5.2 8.1
22.3 112*8 10.8 34.0 6.9
27*0 112*5 9.0 41.6 6.8
24-7.0 112*0 0*5 42 .8 5.5
51.0 111 *5 0 43.0 5.4
pH of the medium was changed to 6.5 and maintained
at that level for the duration of the experiment•
Decinormal sodium hydroxide was used to control pH*
71.0 96.0 0.2+ 58.0 6.5
75.0 95.0 0.3 63.0 6.5
96*0 79.0 0.1+ 80.0 6.5
118.5 62.5 0.1+ 100.0 6.5
122.5 58.8 0 .4 103.0 6.5
12+3.0 38.0 0.1+ 120.0 6.5
12+7.0 37.0 0.4 123.0 6.5
166*0 23.0 0.4 137.5 6.5
170*0 21.0 0 .4 139.0 6.5
192*0 12.5 0.3 150.0 6.5
NH^-N lost By stripping - 0.1 g/m3/day
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TABES 27
(1111^ )230^ -1056 g/m3 (NH,-W - 22Ug/m3)
Time 
in 
• Hours
Nitrogen in g/m^
pHNH*-N N02-N n o t-n3
0 203.0 1 .3 6.1 8.1
2.0 195.0 3 .8 5.6 8.0
22.0 179.5 1 .3 23.7 5.9
27*0 177.5 0 .4 25.2 5.8
1*6.0 175.0 0 30 .0 5.6
51.0 175.0 0 28.0 5*6
74.0 175oO 0 32.0 5.1*
91*.0 175.0 0 32.5 5.1*
pH of the medium was changed to 6.6 and maintained at
that level for the duration of the experiment.
Decinormal sodium hydroxide was used to control pH.
99.0 172.0 0.8 35.5
119.0 169.5 1 .0 1*0.0
123.0 162.0 0*8 1*2 .0
11*3.0 153.0 0.7 58 .0
11*7.0 150.0 0.7 61*.0
169.0 139.0 0 .8 76 .0
192.0 120.0 0 .8 92 .0
216'.0 100.0 0 .8 109 .0
21*0 .0 79.0 0.7 130.0
262.0 59.0 0.7 152.0
291*.0 26.2 0 .6 182.0
312.0 9.2 0 .2 198.0
81+
5.2*» NITRIFICATION STUDIES WITH INCREASE IN 
CONCENTRATION OF AMMONIA NITROGEN ONLY AT CONTROLLED pH ■ 
Experiments were carried out with increase in concentration 
of ammonia nitrogen only at controlled pH* Exact 
concentration of ammonia nitrogen is shown in the tables.
The fermentation medium was adjusted to the desired pH 
level and maintained at that level for the duration of 
the experiment. Decinormal sodium hydroxide was used to 
control pH.
Fermentor capacity - 5 litre
Amount of synthetic waste water treated - 3 litre 
Amount of nitrifying sludge used - 10% by volume 
Temperature - 25°C 
Agitator speed - 210 r.p.m.
Aeration - 1 litre of air/litre of medium/min
All these variables were kept constant throughout the 
whole series of experiments. Samples were withdrawn at 
suitable intervals. They were filtered and analysed for 
ammonia, nitrite and nitrate nitrogen.
Analyses were carried out to account for the loss 
ammonia-nitrogen by air-stripping.
Composition of synthetic waste water:
(NH^gSO^ - Actual concentration has been mentioned in the table.
NaHCO, - 252 g/m5
MgSO^ , 7HgO - 50 g/m5
KHgPO^ - 70 g/m5
FeSO , 7Ho0 - trace. 
k 2
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TABLE 28.
(HH^SO^ - 7920g/m3 (NHyN- 1680 g/ra3) 
CONTROLLED pH - 8.0_____________ '___________
Time
in
hours
Nitrogen in g/m3 N H * - N  l o s t  h y  
s t r i p p i n g  i n
g / n i ' V & a y
HK,-N
3
no2-n
I I 
B
i i 
a
I 
-H
i I I
0 . 0 1 5 0 0 . 0 0 . 6 1 6 . 0
3 . 0 1 4 5 8 . 0 1 5 . 0 2 2 . 2
2 3 . 0 1 1 7 0 . 0 9 8 . 0 6 0 . 0 1 5 0 . 0
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TABLE 29.
(NH. )g80.- 10560 g/m5 (HHj-N - 22i+0 g/m5) 
CONTROLLED pH - 7.5    ._______ _
Time
in
hours
Nitrogen in g/m^ NH-r-N lost hy 3
stripping in 
' g/m /daynh*~n3 NOg-N N0*-N3
0.0 2130.0 5.0 25.8
4.0 2100.0 28.8 26.5
25.0 1520.0 287.5 115.2 21!+. 8
28*0 1U60.0 350.0 123.0
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5,5 HIGH CONCENTRATION OP AMMONIA-NITR0G5H STUDIES 
AT CONTROLLED uHT.Q
Experiments were carried out with increase in concentration 
of ammonia nitrogen only at controlled pH 7*0 (exact 
concentration of ammonia nitrogen is shown in the tables)
#with the following process variables:
Fermentor capacity - 5 litre
Amount of synthetic waste water treated - 3 litre 
Amount of nitrifying sludge used - 10$> by volume 
Temperature - 25°C 
pH - 7*0
Composition of synthetic waste water:
(HH^OgSO^ - different for different experiments; actual
concentration has been mentioned in the tables# .
NaHCO, - 252 g/m3 
MgSC^ ., 7H20 - 50 g/m3
KHgPO^. - 70 g/m3
FeSC^, 7HgO - trace
All these variables were kept constant throughout the 
whole series of experiments# The medium was agitated 
at an agitator speed sufficient to ensure that proper 
mixing was taking place. The air flow rate was 
controlled in such a way so that the D.O. concentration 
of the medium was constant at about 8 g/m^ (i#e# at 
saturation level) to ensure that it would not be an 
inhibiting factor. The fermentation medium was 
adjusted to pH 7*0 and maintained at that level for 
the duration of the experiment. Decinormal sodium 
hydroxide was used to control pH. Samples were 
withdrawn at suitable intervals.
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They were filtered and analysed for ammonium, nitrite 
and nitrate nitrogen. A few analyses were carried out 
for phosphate phosphorus : to ensure that it Y/as not an 
inhibiting factor. Analyses were also carried out to 
account for the loss of ammonia-nitrogen by air stripping.
89
'TABLE 30et ( fig. ih ) 
.(HH^SC^ - 528g/m3 (NH,-N- 112g/m3) 
3
Time
in
hours
Nitrogen in g/m^ MH--N lost by-'etripping 
in
g/m vdayHK--H3
N02-N NO,-N T.O.N.
0.0 100.5 0.06 8.1*
3.0 98.5 3.5 8.U 3.1*
5.0 95.0 5.0 10.8 7.3
22.0 61.3 20.1* ‘28.8 40.7 0.6
27 .0 1*6.2 25.5 31.5 1*8.5
29 .0 U3.0 26.2 35.0 52.7
ij.6.0 20.5 22.2 62*.0 77.7 0.3
51.0 15.2 18.8 72.0 82.3
53.0 14.2 17.0.. 7^.3 82.8
70 .0 6.0 0 98.0 89.5 0.1
7U.0 5.2 0 101.0 92.5
81.0 I4..O 0 102.0 93.5
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'TABLE 31. ( fig. 15 )
\
(NH^SO, - 1056g/m3 (HH3-N- 224g/m3)
Time
in
hours
Nitrogen in g/m^ NH.-N- lost j hy^stripping i
■2 ~n
g/nr/day
3
R02-N N0-.-1T
D
T.O.N.
0.0 208.0 o.u 2.8
2.0 206.0 1.95 U.2 2.9
1+.0 202.0 3.0 7.2 7.0
23.5 162.5 10 .8 33..0 1+0.6 0.1
27.5 151 .0 12.0 Ui+.o 52 .8 -
29.0 1^2.0 12.2 53.0 62.0
1+1+.5 77.3 9.6 120.0 126.h 0.1
2+8.5 3h.i+ 6.3 12+1+.6 12*7.9
1+9.3 50.0 5.8 152.0 151+.6
71.0 15.0 0 199.0 195.8 0.0
73.0 7.0 0 200.5 197.3
78.0 6.0 0 201.0 197.8
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TABLE 32<> ( fig. 16
(!V 2 S04
)
- 1531+g/m3 (NH,-IT, - 22I{. g/m^)
Time
in
hours
Nitrogen, in g/m^ NHL-N lost by^stripping 
, in 
g/m*y&ayNH--N3
KOg-N N0--N3
T.O.N.
0.0 318.0 0.0 15.6
2.0 315.0 1.8 16.5 2.7
6.0 307.5 3.8 25 .2 13.3
22.0 26lj..O 12.8 52.8 1*9.9 1.1
29*0 237.5 15.3 77.0 76.7
30.0 225.0 15.3 88.0 87.7
1*6.5 119.0 10.8 196.2 191.1* 0.7
1*9.0 90.0 9.8 222*.0 218.1
50.0 76.0 9.0 23l*.0 227.1*
70.0 8.1* 0.0 305.0 289.1* 0.2
75.0 1*.0 0.0 315.0 299.1*
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TABLE 33 ( fig.17)'
(HH^gSO^ - 2112 g/m3 (NH--N - A^g/m3)
Time
in
hours
Fitrogen in g/nr* MH--N lost hy^etripping
■z ~n
g/mvdayNH--IT3 N02-N N0,-Nj T.O.N.
0.0' l4.li4.oO 0.0 8.8
2.0 412.5 1.9 9.2 2.3
4*o 405.0 4«8 13.6 9.6
25.0 333.0 30.8 61.6 83.5 1.4
33.0 285.0 49.5 96.0 136.7
4 6 .0 127.5 60.0 224.0 275.2 0.7
30 .0 65.5 45.6 295.0 331.8
51 .0 50.0 32.0 332.0 355.2
70 .0 9.4 4.3 ' * 399.Q 394.4 0.125
75.0 4.2 a.o 416.0 407.2
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TABLE3), ( fig. 18 )
I
. : (MHi+)2SOJ( - 26l^ Og/m3 (NHj-N - 560g/m3)
Time
in
hours
Nitrogen in g/m^ NHL-N lost toy^Gtripping
■x 1-n
g/raV^aymi*-N 3
N02-N
h>- 
1 
f~~1 1K\ 
I
O 
j1!;
T.O.N.
0.0 558.0 0.2 11+©2
2.0 552.0 1 .1+ 11+.1+ 1.U
i+.o 51+0.0 2.0 20.1+ . 8.0
22.5 1+71+.0 10.5 72*0 68.1 1.0
27.5 1+1+7.0 15.9 99.0 100.5
30.0 1+25 .0 20.0 116.0 121.6
1+6.0 286.0 55.8 221+.0 265.1+ 1 .8
50.0 218.0 68.1+ 280.0 331+.0
51.0 172.0 69.5 - 308.0 363.1 '
70.5 27.5 36 .0 501+.0 525.6 0.5
72 .0 18.5 30.0 525.0 51+0.6
75.5 3.6 3.0 560.0 51+8.6
TABLE 55. ( fig.19 )
(mu)2S°. - 5280g/m3 (NH3~1T - 1120g/m3)
Time
in
hours
Nitrogen in g/nr'* NHt-N lost "by 3 ]
stripping in 
g/mVdayNH*-N NOg-N . n o t-n T.O.N.
0 .0 1060.0 0.1 8.4
2 .0 1060.0 3.9 8 .4 3.8
4 .0 1053.0 1 0 .0 14 .0 15.5 j
2 0 .0 942.5 51.0 74.0 116.5 I
25.5 870.0 80.0 114.4 185.9 I
30.0 815.0 94.0 155.0 240.5
44 «0 625.0 130.0 295.0 416.5 2 .9
49.0 462.5 174 .4 417.0 582.9
52.5 405.0 190 .0 - 470.0 651.5
66.0 110.0 250.5 700.4 942.4 1 .2
68.0 66.0 262.0 735.0 988.5
70.0 38.0 272.0 750.0 1013.5 f
73.0 9.5 280.8 770.0 1042.3 1
75.0 9.0 270.0 785*0 1046.5
92.0 4.4 2.0 1060.0 1053.5
95.0 4.0 0 1O64.O 1055.5 j
(HH. )2S0. - 10560 g/m3 (HHj-N - 2240 g/m3)
Time
in
hours
Nitrogen in g/m^
PO. -P 
4
in g/m
NH,~N lost by 
3
stripping in 
g/m VdayNH„-ND
NOg-N 0 1 T.O.N.
0.0 2100.0 0.2+ 1 0 .0 16.0
2.0 2100.0 2+.7 14 .8 9.0
k * o 2085.0 7.2+ 18.3 15.3
23.0 192+5.0 80.0 87.2 156.8 16.0 2.5
28.0 1897.0 100.0 112.0 201.5
2+8.0 1722+.0 170.0 205.0 364.6 18.0 2.7
51 .0 1678.0 200.0 232.5 422.1
53.0 162+0.0 220.0 245.0 U3U.6
71 .0 1338.0 360.6 417.0 766.6 20.0 1 .2
75.5 1270.0 360.0 482.0 831.5
77.5 1230.0 350.0 520.0 859.6
95.0 935.0 300.0 880.0 1169.-6
97.0 900.0 285.0 920.0 119U.6
101.0 825.0 250.0 1025.0 1264.6
119.0 500.0 130.0 1480.0 1599.6
122v0 2+60.0 120.0 1540.0 1649.6
125.0 2+00.0 100.0' 1620.0 1709.6
“ 11+3.0 115.0 35.0 1980.0 2004.6 27.0 0.6
11+5.0 85.0 25.0 2015.0 2029.6
12+8.0 2+8.0 3.0 2060.0 2052.6
150.0 2+0.0 1 .0 2080.0 2070.6
166.0 9.0 0.1 2100.0 2089.7 26.3 0.1
168.5 2+.2 0.1 2110.0 2099.5
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(NH^)2SOh - 1581+0 g/m3 (NH -K - 3360 g/m3)
Time
in
hours
Nitrogen in g/m3
PO. -P
k •z
in g/m
NH,-N lost by 
3
stripping in
"Z
g/mv dayNH~~N3
no2-n N0--N
3 T.O.N.
v 0*0 31 oi+.o 0.1 11+.2+ 16.0
2.5 3090.0 5.1 15.9 6 .6
i+.o 3080.0 9.3 18.3 13.1
22.5 2950.0 80.0 99.0 16l+. 5 17.0 7.5
28.0 2870.0 101+.0 127.5 217.0
31 «0 2830.0 106.1 12+8 .1+ 21+0 .0
1+7 .0 2680.0 176.8 21+7.5 1+09.8 1.8 .0 5.8
52 .0 2600.0 201+.0 303.0 2+92.5
52+.0 2570.0 210.1 321+.1+ 520.0 -
70.5 2295.0 300.0 501+.0 789.5 20.5 5.0
72 .0 2265.0 320.1+ 532+.1 81+0.0
76.5 2190.0 32+2.5 575.0 903.0
78 .0 2150.0 379.2+ 590.1 955.0
95.0 1750.0 501+.0 81+0.0 1329.5 29 .8 2.7
. 97.0 1680.0 520.5 891+.0 12+00 .0
100.0 1602+.0 536.0 960.0 11+81.5
103.0 12+80.0 592+. 2+ 1020.1 1600.0
':H 8 .0 960.0 800.1 131U.U 2100.0 71 .0 1 .2
120.0 910.0 810.0 1380.0 2175.5
121+.0 800.0 860.1+ 11+11+.1 2260.0
126.0 760.0 890.1 12+1+1+.2+ 2320.0
12+2 .0 2+00 .0 1010.0 1702+.0 2699.5 12.5 0 .0
11+2+.0 350.0 1020.0 1730.0 2735.5
Cont1d
Time 
in v 
hours
Nitrogen in g/m^
■PO, ~P 
in g/ioP
NH-,~N lost "by 
stripping in 
g/m^/dayNH--Nj
N02~N 0 1 T.O.N.
11*8.0 300*0 1018*0 1796.0 2800*5
150*0 260.0 1016*0 1829.5 2830*0
167.0 21 *0 1000*0 2080*0 3065.5 16.0
172*0 10*5 860*0 2230*0 3075.5
190*0 9.5 440 .0 2655.0 3080*5
196.0 9.1* 352*5 2743.0 3081.0
214-5 2*5 2.6 3095.0 3083.1 .
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(NH )2S0^ - 26^00 g/m3 (NH -K - 5600 g/m3)
Time
in
hours
Nitrogen in g/m3
PO, -P 
in g/m3
NH-.-N lost by 
3
stripping in 
g/m^/dayNH--N3
N02-N NO^-N
3
T.O.N.
0*0 5200.0 0.6 25.6 1 6.0
2.0 5200.0 9.5 26.5 9.9
4 .0 5180.0 18.0 30.0 21.9
22.0 5080*0 78.5 91.0 143.4 18.3 7.6
27 .0 5055.0 100.8 114.4 189.1
44 • o 4900.0 156.0 165.0 294.9 16.0 9.3
49.0 4860.0 162.0 190.0 325.8
51.0 4860.0 165.1 200.0 339.0
72 .0 4650.0 220.0 360.0 553.9 16 .0 5.4
74-0 4630.0 228.0 374.0 575.9
76 .0 4610.0 235.0 400.0 608.9
96 .0 4405.0 270.0 590.0 833.9 17.0 0 .6
98 .0 4370.0 280.0 607.0 860.9
101.0 4350.0 290.0 64O.O 903.9
117.5 4150.0 310.0 792.0 1075.9
119.0 4120.0 312.0 825.0 1110.9 2 5 .0 0.5
122.0 4080.0 315.0 855.0 1143.9
142.5 3760.0 340.0 1128.0 1441.9 9.0 0.5
144.0 3730.0 347.0 1150.0 1470.9
148.0 3650.0 368.0 1200.0 1541.9
162.0 3350.0 370.0 1510.0 1853.9 12.5 0.5
166.0 3276.0 370.0 1575.0 1918.9
171 .0 3000.0 350.0 1760.0 2083.9
Cont1d
99
Time
in
hours
1
Nitrogen in g/m
PO. -P 1+
in g/m
NH,-H lost hy 
3
stripping in 
g/mVdayNH,-N3
N0„-N N0,-N
3
T.O.N.
191.0 231+0 .0 350.0 2525.0 281+8.9 16.0 0.5
195.0 2155.0 31+0 .0 2730.0 301+3.9
198.0 2060.0 335.0 281+0 .0 ■ 311+8.9
213.5 1500.0 320.0 31+00 .0 3693.9 0.5
216.0 1300.0 315.0 3630.0 3918.9
218.0 1175.0 312.5 3720.0 1+006.1+
21+0.0 650.0 210.0 1+360.0 1+51+3.9 0.5
21+1+.0 .650.0 190.0 1+1+50 .0 1+613.9
21+6 .0 550.0 180.0 1+500.0 1+651+. 9
262.0 320.0 110.0 1+800 .0 1+883.9 0.3
261)..0 280.0 100.0 1+860.0 1+933.9
266.0 260.0 85 .0 1+890.0 1+91+8.9
281+.0 1+0 .0 10 .0 511+0 .0 5123.9 0.08
286.0 20 .0 5.8 5168.0 511+7.7
287.0 15 .0 2 .0 5178.0 5153.9
288.0 10 .0 1 .0 5190 .0 5161+.9
290.5 1+.2 0 5200.0 5173.9
100
- 26U00 g/m" - n - 5&>oo g/m";
The seed culture was acclimatised under the same experimental
conditions and medium composition (as later followed in.the
waste water treatment) for 2^ hours before it was used as
inoculum® The broth was then centrifuged to separate the
activated sludge, which was then used as the inoculum*
Time
in
hours
Nitrogen in g/m PO,-P in
rr
g/m3
NH,-N lost 
D
by stripping
■x
in g/nr/day
NH,-Ii5 NOg-N O
J T.O.N.
0*0 4900.0 “ 5BTO 75.4 ~TS7o~~~~
3.0 4870.0 63.6 90.7 20.9
5.0 4850.0 69.2 1,00.2 36.0
14.5 4740.0 80.0 185.0 131.6
18.0 4740.0 80.0 185.0 131.6
51.0 4740.0 80.0 185.0 131.6 16.0 5.1+
53.0 4740.0 80.0 200.0 146.6
69.0 4570.0 80.0 300.0 246 .6 6.2
75.0 4550.0 82.0 340.0 288.6
95.0 4300.0 100.0 590.0 556.6 17.0 5.0
99.0 4280.0 110.0 650.0 626.6
101.0 4200.0 110.0 690.0 666.6
119.0. 3850.0 120.0 1050.0 1036.6 3.2
121.0 3800.0 124.0 1090.0 1080.6
124 .0 3750.0 130.0 1175.0 1171.6
126.0 3690.0 130.0 1200.0 1196.6
143.0 3200.0 156.0 1600.0 1622.6 2.7
145.0 3150.0 175-0 1655.0 1706.6
147.0 3055.0 190.0 1705.0 1761.6
149.0 3000.0 205.0 1760.0 1831.6
167.6 2240.0 380.0 2310.0 2556.6 1.5
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Cont*d.••
Time
in
hours
Nitrogen in g/m^
PO, -P
. H
in g/m^
NHL-N lost hy 
3
stripping in
•z
g/mvdayNHL-ND
N02-N y—i 0
 
V*
1 T.O.N.
169*0 2200*0 400.0 2385.0 2651.6
172.0 2105.0 440.0 21+80.0 2786.6
173.0 2025.0 450*0 2525.0 281*1.6
191 *0 1490*0 715.0 2920.0 3501.6 1.1
193.0 1325.0 750.0 2962.0 3578.6
196*0 1190*0 810*0 3030.0 3706.6
215.0 640*0 965.0 31+00 .0 1*231.6 0.6
217.0 580.0 978*0 31*60.0 1+301*. 6
219.0 530.0 990.0 3510.0 1*366.6
239.0 152.0 960.0 3880.0 1*706.6 0.6
21+1.0 \130.0 935.0 391*0.0 1*71*1.6
242.0 99.0 910.0 3985.0 1*761.1
266.0 4.0 600.0 1*365.0 1+831.6 0*4
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■ (HHj^gSO^- 1581+0 g/m3 (HH -IT - 3360 g/m3)
The seed culture was acclimatised under the same experimental 
conditions and medium composition (as later followed in the 
waste water treatment) for 21* hours before it was used as an 
inoculum® The broth was then centrifuged to separate the 
activated sludge® The sludge was then washed with distilled 
water, centrifuged and used as the inoculum.
Time
in
hours
Nitrogen in g/m^
0 1 NH,-N lost 1)5 3
stripping in 
g/m3/day
■JSH--N N02-N N0--ND T.O.N. in g/m3
0.0 3096.0 0.2 8.0 16.0
6.0 3096.0 1.5 10.2 3.5
7.0 3096.0 2.0 10.2 1*.0
21*.0 3076.0 2.8 23 .0 17.6 16.0 6.i+
26.0 3076.0 3.3 25.0 20.1
28.0 3076.0 3.8 27.5 23.1
**6.5 301*0.0 7.2 1*6.5 1*5.5 17.0 11.0
50.0 301*0.0 7.9 52.2 51.9
52.0 301*0.0 5.0 59.2 56.0
69 .0 2980.0 5.5 102.8 100.1 18.0 5.2
72 .0 2970.0 6.0 113.1 110.9
75.5 2960.0 6.5 123.0 121 .3
9U.5 281*8.0 10.7 209.1 221.6 20.0 3.2
95.5 281*8 13.2 220.0 225 .0
98.5 2832.0 13.2 21*0.0 21*5.0
■120.0 2620.0 11.0 1*60.0 1*62.8 22.0 2.0
125.0 2555.0 10.5 5I2 .O 511*. 3
126.5 253U.O 10.8 526.0 528.6
103 Contfd.•••
Time
in
hours
Nitrogen in g/m
PO, -P 
4
in g/m
NH-.-N lost hy 
stripping in 
g/m^/dayNKL-N3
no2»n i
0&
T.O.N.
142.0 2260.0 8.7 82*0.0 82*0.5 25.0 ■1.5
144*0 2223.0 9.1 872*.0 872*. 9 ■
146 • 0 2180.0 9.0 920.0 920.8
■164.5 1785.0 6.0 1295.0 1292.8 1 3 .0
166«5 1740.0 6.0 1350.0 132*7.8
.167.0 1705.0 6.0 1362.0 1359.8
192.5 1060.0 7.2 2016.0 2015.0 16.5 1.0
195.0 1005.0 5.4 2085.0 2082,2
196.5 965.0 4.75 2125.0 2121.5
212.5 600.0 4.5 2500.0 22*96.3 16.0 0.4
214.5 545.0 4.0 2560.0 2555.8
216.5 495.0 5.0 2600.0 2596.8
232.5 235.0 5.3 282*3 .0 282*0.1
234.5 190.0 6.3 2877.0 2875.1
236.0 165.0 6.0 2898.0 2895.8 •
264.5 18.0 0 3068.0 3060.8
288.0 2.0 0 3080.0 3072.8
102*
~ 2bl+uug/m- - 5bOO g/m-;
The seed culture was acclimatized under the same experimental 
conditions and medium composition (as later followed in the 
waste water treatment) for 72 hours "before it was used as 
inoculum* The "broth was then centrifuged to separate the 
activated sludge* The sludge was then washed with distilled 
water, centrifuged and used as the inoculum*
1
Time
in
hours
Nitrogen in g/m3
PO -P
i n V m 3
........
NEL-N lost "by 
stripping in 
g/m*Vday
NH--N
j
N02-N N0--N
3
T.O.N.
0*0 5000.0 0.1 10.8 16.0
2*0 5000.0 1.1+ 11.1+ 1.9
i+.o 5000.0 2.6 12.8 1+.5
6*0 5000*0 1+.9 13.8 7.8
20.0 1+980.0 7.6 31.3 28.1 16.0
23.0 1+980.0 8.7 31+.8 32.5
26.0 1+980.0 9.7 38*8 37.5
1+1+.5 1+91+0.0 16.6 61.5 67.1 16.0
1+8.0 1+91+0 .0 17.3 67.0 73.3
50.0 1*91+0.0 15.0 71.1 75.1
68.5 1+900.0 16.5 100.0 105.6 1 7 .0 3.0
72 .0 1+900.0 15.0 107.5 111.6
71+. 0 1+900.0 11+.9 111.2 115.2
93.0 1+850.0 15.0 11*8.2 152.2 16.5 2.1+
9 6*5 1+850.0 15.6 155.7 160.3
98.0 1+850.0 15.5 157.6 162.1
115.5 1+780.0 17.0 221+.3 230.3 18.3
120.0 1+760.0 15.0 21+1+.5 21*8.6
122.5 1+760.0 18.1 255.0 262.1
11+1.5 1+650.0 18.3 31+0.0 31+7.3 22.0 5.1
(Oont’a...
TABLE itl (fig. 32) (Cont'a)
atMTaBm»watacaKy < « » a sa*»«p '  '
Time
in
hours
Nitrogen in g/m3
NH,-N lost "by 
stripping in
"X
g/mvday
I
a
V>1
 
i 
! NO -N NO,~N
5
T.O.N.
PO. ~P 
1* •z
in g/m
1 1+1*. 0 1*630.0 18.0 362.3 369.3
11+6.5 1*630.0 19.5 380.0 388.6
165.5 1*1*60.0 32.1 523.0 51*1*.2 12.5 2.6
168.0 1*1*1*0.0 31*. 3 51*1*. 0 567.3
170.0 1*1*20.0 35.5 558.0 582.6
189.0 1*21*0.0 1*3.1 71*6.0 778.2
192.0 1*200.0 1*3.3 780.0 812.3
19U-0 1*1 60.0 1*3.1 800.0 832.2
213.0 391*0.0 1*1.1 101*0.0 1070.2
216.0 3900.0 1*3.1 1080.0 1112.2
218.0 3860.0 1*2.1 1105.0 1136.2
236.5 3570.0 36.5 1380.0 11*05.2 16*0 1.7
21*0.0 3500.0 36.1 11*35.0 11*60.2
21*2.0 31*80.0 32.9 11*65.0 11*86.9
263.5 2891*.0 26.6 2055.0 2070.7 18,0 1.5
265.0 281*0.0 26.1 2115.0 2130.2
266.5 2780.0 25.1 2175.0 2189.2
282.5 1955.0 19.2 3010.0 3018.3 0.6
288.0 1750.0 19.1 3250.0 3258.2
290.0 1575.0 15.1 3380.0 3381*. 2
309.5 880.0 11*.5 1*075.0 1*078.5 0.6
311.5 825.0 10.1 1*150.0 1*11*9.2
31U.0 795.0 12.0 1*230.0 1*231.2
335.0 1*30.0 12.5 1*590.0 1*591.6 0.4
337.5 322.5 9.5 1*61*0 . 0 1*638.6
339.0 295.0 10.0 1*661.0 1*660.1
106 (cont’d.ee
Time
in
hours
Nitrogen in g/m^
PO. ~P2+
in g/m^
NH^-N lost hy 
stripping in 
g/mVday-NH--Nj
N02-N n o--n T.O.N.
361 *0 172.0 11.5 2+800.0 2+800.6
363*0 151+.5 12.3 2+810.0 2+811 .3
362+. 0 12+5.0 10.0 2+821 .0 1+820.1
379*0 72+.8 9.0 2+920.0 2+918 i 1
382 eO 62+. 5 8.5 2+92+0.0 2+937.6
383.0 60.0 6.0 2+92+5.0 2+92+0.1
2+05.5 5.6 0.2 5000.0 2+989.3
107
NITRIFICATION
Run 1 : Nitrogen added: 56 g/m? each of ammonia nitrogen (as 
ammonium sulphate) and nitrite nitrogen (as sodium nitrite);
-  7 O
total 112 g/m nitrogen® Solutions were incubated at 25 C. 
Reactions were carried out in presence of air. Experiments 
were performed at five different values of pH (ij. to 8). 
Samples were withdrawn and analysed for ammonia, nitrite 
and nitrate nitrogen.
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'TABLE 1*2.
pH Time Nitrogen remaining in g/m5 Total Nitrogen
-------
l08t
Initial Pinal
in
days NH,-Nj N02-N N0,-N3 TOTAL g/m5 %
8.3 8.2
1 1 
1 49.2 60.5 0.8 110.5 1.5
8.3 7.8 2 49.2 59.1+ 1+-0 112.6 -0.6
8.3 7.6 3 49.2 59.1+ 1+.0 112.6 -0.6
8.3 7-4 4 51.0 55.0 1+.8 110.8 1.2
8.3 7.3 7 UU-.o .60.5 5.8 110.3 1.7
7.1 6.9 1 52.0 57.2 0.8 110.0 2.0
7.1 6.7 2 54.0 57*8. 0.8 112.6 - 0.6
7.1 6.7 3 53.6 .60.5 2.7 116.8 - l+*8
7.1 6.8 4 50.U 59.1+ i+.O 113.8 -1.8
7.1 6.6 7 51.0 53.9 6.1+ 111.3 0.7
6.2 6.3 1 52.0 1+7.3 1.6 110.9 t.1
6w'0 6.5 2 52. b 60.5 2.8 115.7 - 3.7
6.2 6.6 3 54.0 57.8 2.1 113.9 -1.9
6.2 6.5 4 51+.o 55.1+ 1+.2 113.6 -1.6
C.2 6.4 7 50.4 55.0 1+.1+ 109.8 2.2
5.1 5.1 1 57*6 52.3 1.6 111.5 0.6
5.1 5.1 2 55.1+ 56.1 1.6 111.1 0*9
5.1 • 5.5 3 51+.0 55.2 3.6 . 112.8 - 0.8
5.1 5.7 1* 55. b 32.8^ I+.O •112.2 ‘ - 0.2
5.1 6.0 7 52.8 55.0 1+.8 112.6 - 0.6
3.9 3.9 1 57.1+ 1+9.5 1+.8 111.7 0.3
3.9 3.9 2 57.1+ 1+1.8 8.2 107.1+ 1+.6 4.1
3.9 4.3 3* 57.6 1+2.3 8.0 107.9 .4.1 3.7
3.9 4.6 h 56.2 38.3 8.8 103.3 8.7 7r8
3.9 5.4 7 55.5 36.3 11.8 103.6 ,8.4 7.5
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Nitrogen added: 100 g/m^ ammonia nitrogen (as ammonium 
sulphate) and 100 g/m nitrite nitrogen (as sodium nitrite) 
i.e., 200 g/m^ total nitrogen. 250 ml of waste water was 
sterilised and cooled. 50 ml of this v/as taken in each 
centrifuge tube and centrifuged* The supernatant was discarded. 
The residue i.e., the dead microorganisms, v/as added to the 
mixture of ammonium and nitrite solution. This experiment 
was carried out to find out whether the dead microorganisms 
have any effect on this chemical interaction. Solutions 
were incubated at 25°C. Reactions were carried out in 
presence of air. Experiments were performed at five different 
values of pH (I}, to 8). Samples were withdrawn at suitable 
intervals. They were filtered and analysed for ammonia, 
nitrite and nitrate nitrogen.
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IABLE 1*3.
pH Time Nitrogen remaining in g/m^ Total Nitrogen lost
' Initial Pinal
■ in 
days NHZ-N NOg-N NOy-N TOTAL g/m^ €
8.0 8.0 1 110.0 72.6 12+.0 196.6 3.2+ 1 *7
8.0 7.7 2 109.0 71.5 15 .0 195.5 U.5 2.3
8.0 7.6 3. 107.0 68.8 15.0 190.8 9.3 2+.6
8.0 7.2+ 2+ 112.5 68.2 20.0 200.7 - 0.7 -
8.0 7.5 7. 92.0 78.1 18.8 188.2+ 11.6 5.8
7.0 7.0 1 109.0 70.2+ 11.5 190.9 9.1 Ui’5
7.0 6.9 2 115.0 71.5 12+.0 200.5 - 0.5
7.0 6.9 3 115.0 68.8 15.0 198.8 1.3 0.6
7.0 6.9 2+ 109.0 66.0 17.2+ 192.2+ 7.6 3.8
7.0 6.9 1 106.0 70.2+ 18.0 192+.2+ 5.6 2.8
6.0 6.0 1 110.0 78.1 8.8 196.9 3.1 1.1
6.0 6.2+ 2 110.0 71.5 9.6 191 .1 8 .9 2+.5
6.0 6.2+ 3 107.0 70.2+ 12.6 190.0 10.0 5.0
6.0 6.2+ 2+ 103.0 68.2 17.2+ 188.6 11.2+ 5.7
6.0 6. If. 7 101 .0 68.2 16.0 185.2 12+.8 7.2+
5.0 5.0 1 106.0 82.6 5.0 193.6 6.2+ 3.2
5.0 5.7 2 105.0 68.7 10.8 182+.5 15.5 7.8
5.0 5.9 3 100.0 62.7 17.3 180.0 20.0 10.0
5.0 6.0 k 98.0 £o .8 18.0 176.8 23.2 11.6
5.0 6.1 1 98.0 50.0 23.7 171.7 28.3 12+.2
2+.1 2+.1 1 98.0 £0 .5 9.6 168.1 31.9. 45.9
1+.1 2+.8 2 90.0 62+.7 9.6 162+. 3 35.7 17.8
fc.1 5.0 3 89.0 63.6 10.1 162.7 37.3 18.6
lt.1 5.2 2+ 89.0 60.0 10.1 159.1 2+0.9 20.5
1^-1 5.6 1 82.5 61.3 11.5 155.3 20+.7 22.2+
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(as ammonium sulphate) and nitrite nitrogen (as sodium 
nitrite) i»e», total nitrogen of 2+37.U Solutions were
incubated at 25°C« Reactions were carried out in presence 
of air® Experiments were performed at five different 
values of pH. Samples were withdrawn at suitable intervals 
and analysed for ammonia, nitrite and nitrate nitrogen.
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TABLE 10*.
PH
- . ....... „ , , U..M.
Nitrogen remaining in g/mJ Total Nitrogen lost
Initial Pinal
Time NHyN NOg-N NO^-N TOTAL g/m3 %
8.1 7.9 2 hr8 200.0 221 .0 22.2 1+1+3.2 - 5.8
8.1 7.5 1 day 200.0 221.0 16.5 1*37.5 - 0.1
7>1 7.0 2 hrs 192.5 221.0 13.2 >26.7 10.7 2.5
7.1 7.0 1 day 187.5 213.2 27.9 1*28.6 8.8 2.0
5.9 6.0 2 hra 200.0 201.5 10.8 1+12.3 25.1 5*7
5.9 6.5 1 day 200.0 £01 .5 10.8 U'.2.3 25.1 5.7
1*.6 1**6 2 hra 192.0 195.0 17.1+ 1*01*.1* 33.0 7.5
1**6 1+.7 1 day 188.0 187.2 22.2 397.1+ 1*0 .0 9.2
3.8 3.5 2 hra 192.0 182.0 22.2 396.2 1*1.2 9.1+
3.8 3.6 1 day 188.0 169.0 1*2.0 391 .0 1+6.1+ 10.6
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•z
Nitrogen added 1000 g/m each of ammonia nitrogen (as 
ammonium sulphate) and nitrite nitrogen (as sodium nitrite) 
i.e., total nitrogen of 2000 g/m^« Solutions were incubated 
at 25° C. Reactions v/ere carried out in presence of air. 
Experiments were performed at five different values of pH. 
Samples were withdrawn at suitable intervals and analysed for 
ammonia, nitrite and nitrate nitrogen.
112*
TABLE L5.
pH
Time
----------- - - ---------  .
Nitrogen remaining in g/m Total Nitrogen lost
Initial Pinal NH^-N NOg-N NOj-N TOTAL g/m^ %
8.0 7.9 2 hrs 1000.0 99L.5 10.L 2001;. 9 - k»9
8.0 7.6 1 day 1000.0 918.0 .130.0 201;8.0 - U8.0 .
7.0 6.8 2 hrs .987.5 918.0 111.8 2017.3 - 17.3
7.0 6.8 1 day 950.0 918.0 182.0 2050.0 - 50.0
5.8 5.8 2 hrs 975.0 918.0 111.8 2001; .8 - h.8
5.8 6.3 1 day 965.0 892.5 130.0 1987.5 12.5
5.1 5.1 2 hrs 925.0 828.8 121;.8 1878.6 121.5 6.1
5.1 5*3 1 day 930.0 796.9 1L5.6 1872.5 127.53 6.1;
1;.0 U.o 2 hrs 937.0 701.3 182.0 1820.3 179.8 9.0
li.O U.5 1 day 785.0 6L5.0 186.1; 1616.1; 383.6 19.2
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5*7 DETERMINATION OP YIELD-COEFFICIENT OF Nitrosomonas 
By definition yield coefficient of Nitrosomonas (Y) 
is the mass (dry weight) of Nitrosomonas formed per unit 
amount of ammonis-nitrogen oxidised* .In the present field 
of study we have used a mixed microbial culture* Therefore, 
it is rather difficult to determine the value of Y 
experimentally* A crude method has been used here to 
evaluate Y* Prom the nature of the nitrification curve at 
the beginning of the present work (detailed results not 
included here) it was evident that the
Time
stock culture was very rich in Nitrosomonas and contained 
only a few Nitrobacter* Nitrification studies were • 
carried out with initial ammonia-nitrogen concentration 
50 and 20 g/m . The concentration of Nitrosomonas was
determined at the beginning of the experiment and at the end 
when all NH^-N have been used up (it has been assumed from the 
nature of the experimental curve that the increase in concen­
tration of Nitrobacter in this period was almost negligible). A 
convenient volume of medium was centrifuged to separate the 
activated sludge. The sludge was then transferred to a crucible
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and dried in an oven at 100°C for overnight. The crucible with 
dried sludge mass was then cooled to room temperature in a 
desiccator and weighed. The crucible with the dried sludge mass 
was then ignited for 15 mins in a muffle furnace at 550°C. The 
crucible was then transferred to a desiccator and allowed to cool 
to room temperature and weighed. The weight loss on ignition was 
the dry weight of mixed liquor volatile suspended solid (MLVSS)•z
and reported in g/m as the concentration of Nitrosomonas. Samples 
were also analysed to determine the concentration of ammonia- 
-nitrogen. The yield coefficient was taken as dry weight of 
Nitrosomonas produced per unit amount of ammonia-nitrogen oxidised.
A sludge usually contains inert and fibrous material: if this is 
assumed to remain unchanged throughout a batch run, the difference 
in MLVSS between inoculation and the end of the batch will give 
the increase in the amount of carbonaceous microbial cell material* 
The yield coefficient is therefore based on dry weight of MLVSS 
produced per unit mass of ammonia-nitrogen oxidised. Since cell 
material contains intrinsic mineral substances this value will differ 
from the true yield coefficient, but as discussed in section 6 .3 * 
this makes little difference to the determination of the other 
kinetic parameters like M^ or Kg. The results have been represented 
in the following table:
TABLE 46 i litre of medium was centrifuged to determine the
concentration of Nitrosomonas.in each case.
NH,-N
g/m
Wt. of crucible & 
sludge in g.
Concentration of
Nitrosomonas (dry wt.)*2
in g/m
Yield 
coeff.
(Y)
dx
dS .beforeignition
after
ignition
Initial
(So>
Pinal
; ( s )
Initial
(-0)
Pinal
(x)
o«©o.oOil
14.3245 14.3204 
.(initial) (initial
1^.3272 14.3220
( f i n a l ) (final)
>
4 . 1 5.2 .06
5 0 ,0 1 .0
14.9770 14.9714
(initial) (initial)
14.9787 14.9709 
(final) (final)
5 .6 7.8 .045
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T R E A T M E N T  O P  R E S U L T S .
6* treatment op results
6.1. MATHEMATICAL MODELS
6.1.1. Nitrosomonas GROWTH KINETICS
Downing et al are the only workers who have used the Monod 
equation to explain the growth kinetics of nitrifiers in 
activated sludge systems (see section 2,2.^.2). With the 
present set of experimental results at low ammonia concen­
trations (Section 5*l),attempts were made to evaluate different 
kinetic parameters of nitrification in this equation (equation
2.2.U.5). The derived results tables (Section 7il) and the 
figures (No. 5* 6, 7, 8, 10, 11, 12, and 13 ) exhibited an 
unsatisfactory fit with this mathematical relation. Therefore, 
in the present studies an attempt has been made to develop raathe1 
matical models to explain the nature of changes in concentration 
of NH^ - N with time, using the Blackman concept (Section
3.3.1).
If the Blackman concept is applied to relate the rate of micro­
bial cell growth to limiting substrate concentration, a dis­
continuous function results. Whan the substrate concentration 
is not limiting, the microbial growth is expressed by
^ = x * ff = ...... 6.1.1.
jwhere p. = the specific growth rate of the microorganism 
(bere Nitrosomonas) in day"*'*',
x = concentration of Nitrosomonas in g (dry weight) /m^ at 
any time t, in days, x
= maximum specific growth rate of Nitrosomonas in &ay~^]
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and when the substrate concentration is limiting the microbial 
growth
p. — BS ..... 6.1.2.
where B is assumed to be a constant and
S s= concentration of NH^ - N in g/m^ at any time t.
If this is followed in nitrification,' when the NH-^  - N con­
centration is greater than the growth-limiting value, the
dsdecrease of NH^ - N concentration with time i.e. - , is
independent of NHL - IT concentration in the medium.
Therefore,
ds
~ at ® x
or ” = ®*x ....6.1.3*
where Cf is a reaction rate constant.
A term ”yield coefficient” is often discussed in connection 
with the growth studies of microorganisms. This is defined 
b y
Y = -|| ....6.1.1*.
where Y = yield coefficient, here the mass (dry weight) of 
Nitrosomonas formed per unit amount of ammonia oxidised or 
total oxidised nitrogen (T.O;N*) produced. Differentiating 
equation 6.1.I}.* with respect to ftf
dx _ v dS r t K
dt ~ “ dt .... 0 .1 0 .
assuming Y is constant. The validity of this assumption is 
discussed later.
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Integrating equation 6X1.if., within limits
S x
- Y J as = J dx
S x„o o
or - Y (S - SQ) = x - xQ
or x = x„ + Y (S - S )  .....6.1.6.o o
Combining equations 6.1.3* and 6.1.5*
dS ^ dx pit v 6 1 7
dt “ Y dt ~  o.i./.
or' §£ = YC’x
or i = YC’x dt
or |x ~ YC * .....6.1.8.
Combining equations 6.1.1. and 6.1.8.
= YCf (when NH^ - N concentration is 
not growth limiting)
or C' =
Y
Substituting value of Cf in equation 6.1.7*
- x 6 1 9
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Combining equations 6.1.6. and 6.1.9*
as
at = y t o  + Y (So - S3
= ^  [ ^ a . + s0 - s ]
or - §  = “h  (s* - s)
xo
where S* = y ~ + S0 and is assumed to be a constant for 
a particular batch.
Integrating between limits 
S t
J "sT = J dt (’•' %  is constant)
So 0
S
or I In (S* - S) J = t
S
or . In (S* - S) = t + In (S* - SQ)
or In + S0 - sj « Hjj t + In ^   6 a a o
When ammonia is limiting the growth rate of Nitrosomonas 
- §  « x • 8
or - = C.x.S ..... 6.1.11
(where C is a reaction rate constant)
Combining equations 6.1.5* and 6.1.11.
or 1 Ss. x * dt = Y.C.S.
or p. = Y.C.S. 6.1.12
Since "both Y and C are assumed to be constants, and comparing 
with equation 6.1.2. we can write
p, = B.S.
Combining this equation with equation 6.1.5. and 6.1.6.
or
or
or
- Y dSdt
X. + Y (Sn o v o
= BS
dS _ BS 
dt " Y
= BS
Qc0 H. y  (S0 - sT|
O ‘ s. - s]
dS
dt
dS
= BS (S« - S) jwhere S« =^  ^ assumed to
s(s* -  s)
= B dt
be constant! .
S(S* - S)
Integrating between limits
Sa
dS
S.
dS 
(S* -S)
- BS* dt
122
s
■BS* t
So
or BS* t
o o
or t-w • ° .
S (-S* - Sf ov
s(s* - SQ)
BS* t
or S Y o
6.1.13
Both equations 6.1.10 and 6.1.13 represent the changes in 
concentration of ammonia-nitrogen with time: of which equation
6 .1.10 represents the ..portion of the curve.when ammonia is 
not limiting the growth of Nitrosomonas, and equation 6.1.13 
represents the portion of the curve, when ammonia is limiting 
the growth of Nitrosomonas.
6.1.2. Nitrohacter GROWTH KINETICS
No attempt has yet been made to explain rigorously the growth 
kinetics of Nitrohacter. Downing et al (35) proposed 
mathematical models explaining Nitrohacter growth kinetics. 
These have heen discussed in section 2.2.h*2. It has not 
"been possible to find an analytical solution for the differ­
ential equations. We are only interested in finding the 
maximum specific growth rate of Nitrohacter. In the present 
studies attempts have heen made to develop a simple 
mathematical expression explaining Nitrohacter growth
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kinetics in the logarithmic growth phase: the equation is
based on the physical concept of microbial growth in the 
logarithmic growth phase.
Here nitrite is the limiting substrate, nitrate is the product 
and Nitrobacter is the microorganism.
In nitrification, three reactions are going on simultaneously.
It is difficult to determine analytically the actual amount of 
nitrite produced due to oxidation of equivalent amount of 
ammonia in the system. As soon as nitrite is produced by 
Nitrosomonas, a portion will be used up by Nitrobacter. There­
fore, to develop a mathematical model explaining Nitrobacter 
kinetics the approach has been to consider product formation, 
i.e. the actual amount of nitrate produced by Nitrobacter.
If we divide the NO^ - N vs. time curve we will get three 
distinct regions. The first region is where, due to the 
presence of insufficient amount of nitrite in the system, 
Nitrobacter are stall in lag phase. The second phase is the 
logarithmic growth phase, i.e. at this stage nitrite con­
centration is above the critical concentration level. The
Time
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•H
Time
third phase is the stationary phase due to depletion of the 
substrate. The proposed mathematical model is applicable 
only in the logarithmic growth phase.
There are three kinds of "Yield Co-efficient" often discussed 
in connection with the growth studies of the microorganisms. 
When we apply them in the case of Nitrobacter
"Yield of Growth",
YV y = -A
XB
A y
"Yield of Product" based on cell mass, 
y A PVx,‘B A x b
and "Yield of Product" based on limiting substrate
V - Az 
V y  “ “ A y
where y = concentration of NOg - N at any time t in g/m^
P = concentration of NO, - N at any time t in g/m
and Xg = concentration of Nitrobacter at any time t in
g (dry weight)/m^,
and suffix ’o1 stands for the corresponding values at t = o.
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Prom the above definitions
Yp/x _
/ B  " dxB ' % / y
Now
Amount of product formedY.P/y ~ Amount of substrate utilised 
However, at any time t
s0 = s + Qto2 -  Nj + ( jo 3 -  g
Therefore
y - (E0?; El
P//y SQ - S - ptOg - f[|
= 1 [if there are no losses]
Therefore
Y / dXB r --Xg/ y — 1 «.««« o«J.« J-b •
t + »Differentiating with respect to ft
dP Y dxB
dt x^/y ~ dt ••••• 6.1.16
When the concentration of nitrite is high, i.e. it is not 
limiting the growth rate of Nitrobacter or we can say in 
the logarithmic growth phase of Nitrobacter,
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Specific growth rate of Nitrohacter = constant =
(where Jig = maximum specific growth rate of Nitrohacter) . 
Therefore from definition of specific growth rate
^B = Xt> * dtB
Combining with equation 6.1.16,
» i -  ..SE Y
*3 ~ xB * dt * XB/y
or dPdt
XB
YxB/y
Integrating equation 6.1*15* within limits
P x,
V y J dP UB/
XB.
dxB
or
^/y (P - PQ) = Xg - Xg
or XB = xBq + YXg/y (P " Po)
Substituting this expression for x^ in equation 6.1.17-
“■> l x  * Tv v  ^  • *•>]
or
dP
dt
dP
dt
=i/y
= \L r xBB y-2—  + P - P.
L XB/3 /y
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■ = Hg (p * + P)
XB
(where P* = «-£—  - p = assumed to he constant for a' I / o
XB
particular hatch)*,
Integrating between limits
P t
[ — QE.—  ■«. n f dt (*.* = Constant)J p* + p B J B
Po
or |JLn (P* + P) ~J = fig t
or |ig t = In
= In — F
P]
Po
p* + p
p* + p^ o
° - P. + p
Xg/y
XB0 + V  (P " Po>= I n  2 __-----£......... .  6.1.18
This expression is only true in the logarithmic growth phase 
Nitrohacter, i.e. when the specific growth rate of Nitra- 
hacter is maximum and constant.
6.2. MATHEMATICAL ANALYSIS OP EXPERIMENTAL RESULTS
In all the work reported in this field an implicit assumption 
has heen made that the rate of oxidation of ammonia proceeds 
;stoichiometrically with the growth of Nitrosomonas . This.
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assumption is valid if the yield coefficient is constant and
the proportion of non-viable hut "biochemically active cells 
in the microbial population is either constant or negligible® 
Pollution control engineers are more interested in ammonia 
removal than in microhial growth as such. The yield coefficient 
can vary with specific growth rate (58a). It is proposed then 
to work in terms of a "Specific ammonia oxidation rate" (or 
specific total oxidised nitrogen production rate), analogous 
to microbial specific grov/th rate, M, defined as
which is equal to jx in so far as the above assumptions are valid.
Ammonia is a highly volatile substance. To minimise experimen­
tal errors, experimental data correspond to total oxidised 
nitrogen (T.O.N.) have been used instead of NH^ - N removed, 
because at any time ftf, ammonia removed is equivalent to total 
oxidised nitrogen produced (since stripping and van Slyke 
losses were found to be negligible).
•At t = o
at any time *t
Total nitrogen in waste water
provided there is no loss of NH^ - N hy air stripping*
Prom this expression we get two relations
(a) S0 - S = [t .-0.k7| t - [r.O.Nr| t=0
= Actual increase in T.O.N.concentration
= T.O.N.(say, as we have written in
Experimental Results Tables)
«.»»« 6*2 «1*
and
(h) 8 = 8 - T.O.K.  6.2.2.
If we now introduce this new term M and equations 6.2.1. and
6.2.2. in our proposed mathematical models
the equation 2.2.4*5. will he
1!,, t = m  T*°-N-P
Xc + Y. T.O.N.p T.O.N.p - T.Q.N.
X + Y (,K0 + T.O.N.™) x„ + Y. T.O.N., O b  if -j O
xQ + Y. T.O.N.f . ' ±n  xQ ....
..... 6»2*3*
the equation 6.1.10 will he
In Jjj2 + T.O.nI = MM t + In Is
and the equation 6.1.13 will he
..... 6.2.4*
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-1where M^ = Maximum specific T.O.N. production rate in day
and T.O.N.p = the terminal value of T.O.N. (assumed to 
he equivalent to SQ) in g/m^.
A similar analogy has also heen applied in the case of 
Nitrobacter because the rate of production of NO^ - N is also 
proportional to the rate of growth of Nitrobacter. Therefore, 
in equation 6.1.18, |ig has heen replaced by Mg, the fmaximum 
specific NO^ - N production rate*.
X  + v  (p" p°}
M_ t = In —  ---— ---------- r .... 6.2.6.
•t> i-T>
O
To summarise
(a) equation 6.2.3* represents the Nitrosomonas growth 
kinetics (in term of ’specific T.O.N. production rate’) 
relating the change in concentration of T.O.N. produced with 
time, based on the Monod Kinetics as applied to the nitri­
fication of waste water treatment (basically first proposed by 
Downing et al (35) - hence in future we will refer to this 
equation as ’Downing’s Model’).
(b) equations 6.2.if., and 6.2.5. represent the Nitrosomonas 
growth kinetics (in terms of ’specific T.O.N. production rate’ 
relating the change in concentration of T.O.N. produced with 
time. These are. the proposed equations in the present work
"based on the Blackman Kinetics as applied to the nitrification 
of waste v/ater studies* (in future we will refer to these 
equations as the ’proposed model’).
(c) equation 6*2*6* represents the Nitrobacter growth kinetics 
(in terms of ’specific NO^ - N production rate’) relating 
the change in concaitration of NO^ - N produced with time in 
the logarithmic growth phase* This equation is also proposed 
in the present field of study - in future we will refer to 
this as the ’proposed model*.
6*3* YIELD COEFFICIENT FOR NITRIFIERS
It has been mentioned before that yield-coefficients are not 
strictly constant but vary to some extent with \i (58a). M, 
the new term introduced in the present work, allows for any 
variations of yield-coefficient with p.. However, to fit the 
present set of experimental results with the equations 6.2.3.* 
6$2*i|.*, 6.2.5* and 6*2.6. we need some values for yield- 
coefficients of nitrifiers.
The yield coefficient for Nitrosomonas, Y, obtained as 
described in section 5*7* gave good agreement with the value 
quoted by Downing et al (35). This value of 0.05 g (dry 
weight) of Nitrosomonas/g NH^ - N was therefore used in 
curve fitting. Reported (85a, 102, 123a) values for Y range 
from 0.06 to 0.13 g (dry weight) of Nitrosomonas/g NH^ - N.
An incorrect value of Y, would, however, affect only the 
estimate of xQ, but not of o£ B. The estimated value of 
xQ is in fact proportional to the assumed value of Y. This
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- can "be seen from equations 6.2*3. * 6.2.2;. and 6.2*5*? which 
remain unaltered if xQ and Y are multiplied by the same 
factor. c
The yield coefficient for Nitrohacter, YxB/y, was taken as
0.02 g (dry weight) of Nitrobacter/g NOg - N jjas quoted by 
Downing et al (350- As before, choice of a wrong value of
^Xg/y would affect the estimation of xg (the result being
o
proportional to the value chosen for Y / ) but would not
xb y .
affect the estimate of Mg (see equation 6.2*6.).
6.1;. TREATMENT OP EXPERIMENTAL RESULTS OP CONTROLLED pH STUDIES
The present set of experimental data correspond to controlled pH 
studies (Chapter 5> Table 6 - Table 13) were fitted to the 
above mathematical models (equations 6.2.3., 6.2.1;., 6.2.5. and 
6.2.6) with a computer using "Pattern search" procedure des­
cribed in Appendix(11.3)*The results are plotted in figures 
5s 6, 7, 8, 9, 10, 11, 12, and 13 .
To fit equations 6.2.2; and 6.2.5. the value of xQ and were 
determined only over the range of experimental values for 
v/hich the curve presented a best fit to the equation 6.2.1;.
Let the time interval for which the curve presented a good fit 
be represented by tg (transition time or time at or after 
Yrhich the growth limiting period is starting). Having now 
determined xQ, the position of the axes (T.O.N. vs t) was 
shifted (see Figure 3)*
The value of x^ (concentration of Nitrosomonas at tg), was 
calculated as follows:
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Since substrate removal rate is equal to T.O.N. production rate 
1 dS f dx
M
S - S dt x dt
given the assumptions regarding growth yield and non - viable 
cells ( see Section 6.2. ) .
When T.O.N. produced is not growth limiting
M = M„ = Constant M
Therefore M„ = ^ 4? or H„ dt =M X dt M X
Integrating between limits
dx
o vx.
or mm H  = ln 1T0
V lor Xy ss x . e  .....6 .24-.1.L o
Using the value of xL as the new value of xQ in equation 
6.2.5* the value of B was determined over the next range of 
the experimental data.
A sample calculation has been given in Appendix 11.2 for 
experimental data realigned to new axes at controlled pH
7.0 (data correspond to Table 7)*
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6.5. 'TREATMENT OF EXPERIMENTAL' RESULTS OF 'STUDIES WITH
!.»■ i i - . Y.1—r ^r ^ t  r i , m i"—«'i irTirr>nmiTTiwln«-w-riiTi  ■m iiaa mi  ------------------------------ ---------- -  —
HIGH CONCENTRATION OF AMMONIA
The experimental data so far analysed correspond to low con­
centrations of ammonia (concentration of NH^ - N ~  50 g/m^). 
To anal5rse the experimental results corresponding to studies 
with high concentrations of ammonia, attempts have only been 
made to evaluate "maximum specific T.O.N. production rate. 
Mg" and "maximum specific NO^ - N production rate, Mg”. 
Equation 6.2.1*. v/as used to evaluate Mg and equation 6.2.6.
was used to evaluate Mg.
The experimental data (Chapter 5> Table 30 - Table 1+1) were 
fitted to the equations 6.2.1*. and 6.2.6. using the same 
computer program as mentioned in Section 6.1*.
The curve-fitting trials indicated that Mg was not constant 
over the range of concentrations covered by a batch of 
experiments, but varied with initial ammonia concentration 
as well as with the ammonia present at any time in the systen•
To understand the implications of the non-applicability of the
equations (6.2.1*. and 6.2.6.) for these experimental data, the
parameters (Mg & xQr and Mg & Xg ) of these two equations
o ,
were closely examined from first principles. The values of
xQ and Xg represent the initial concentration of Nitrosomonas 
o
Nitrobacter respectively. There is no way in which these 
parameters can change with time. The other two parameters 
Mg and Mg, which had apparently rendered themselves constant 
over the entire sets of experimental results correspond to
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•J0 X ,UUU g/®"j may become sensitive to these high levels 
of ammonia* To test this theory a new term has heen introduced, 
where = ^transient = Specific T.O.N. production rate at
transient state# The value of x and M, were then determined
° ^  * 
only over the range of the experimental data for which the
curve presented a best fit to the equation 6.2.lj.o Let the
.time interval for which the curve presented a good fit be
represented by t^  ♦ Having now determined xQ, the position of
the axes (T.O.N. vs# t) was shifted along the t axis by a distance
t^  and along the T.O.N. axis by a distance T.O.N.^ (see figure
U & 35) • The value of x, was calculated by the following
*'■ • ' 1 \
•■ equation ; :
Kt1 ‘H
x+ = x^ e (see equation 6.I4..I.)O
Using the value of x. as the new value of x_, a new value
W-J V
of Mt was determined over the next set of experimental results 
for which the curve presented a best fit to the equation 
■ 6.2.1;.
Using this method of successive iterations of shifting the axes, 
a range of values of were obtained.
The same procedure was adopted to model the NO^ - N vs time
•r
; curve (experimental results corresponding to SQ y  1000 g/m 
or more). A range of values of (where = specific 
NO^ - N production rate at transient state) were similarly 
obtained.
Product.concentration in the present work did not rise to such 
high levels to cause any inhibition as reported by previous 
workers ( see section 2.1 .A}.. )•
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7* D E R I V E D  r e s u l t  r .
7y DERIVED RESULTS '. v
7.1. TABLES OP DERIVED RESULTS . ' 'V : '
7.1.1. COMPARISON OP EXPERIMENTAL AND COMPUTED RESULTS
7.1 .1 .1 . NITRIFICATION STUDIES AT DIFFERENT LEVELS OP CONTROLLED pH 
TABLE b.7 (fig. 5) ~
Controlled pH 6.5s experimental results correspond to TABLE 6.
Experi­
mental
T.O.N.
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for
Experi­
mental
NO^-N
in
g/m5
"based on 
Downing1s 
Model
based on 
Proposed 
Models
in
hrs.
Nitrobacter
kinetics
in
g/m5
3.1 26.8 21.6 21+.0 21.9 2.7
7.6 59.5 47.1 1+8.0 1+2.9 5.0
15.3 105.5 80.6 70.5 70.2 8.6
20.7 133.6 99.0 95.5 117.2 17.2
27.7 168.0 119.0 119.5
32. 1+ 191.6 11+5.9 11+3.5
1+3.8 263.9 21+3.1 21+0.0
1+5.1 277.0 263.8 261+.0
1+6.0 288.0 281 .9 288.0
1+7.3 307.9 316.1 312.0
1+7.5 311.6 322.9 336.0
1+9.7 , 
(T.0.N.f>
1+08.0
■ -
Computed results for Nitrosomonas kinetics (based on Proposed 
X = 0.7 g/m3 M„ = 0.22 day-1. Models,
O M ' ' * ' " 1 3  — 1
tL= 119.5 hrs. XL = 2.1 g/nr. B = 0.0049 day" .(g/nr)- .
Computed results for Nitrosomonas kinetics(based on Downing's 
x = 0.7 g/m5. My = 0.22 day-1. Kg= 1U.U g/m3. Model):
Computed results for Nitrobacter kinetics: 
sr 0.2 g/m5. Mg = 0.2 day"*' •
Controlled pH 7*0: experimental results correspond to TABLE 7*
Experi­
mental
T.O.N.
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for
Experi­
mental
N0-.-N
3
in 
g/nr5
"based on 
Downing1s 
Model
based on 
Proposed• 
Models
in
,hrs.
Nitrobacter
kinetics
in
g/m5
0.2+ 1.9 1.6 2.0
2.5 10.9 8.8 5.0 8.1 1 .6
9*2 32+. 1 27 .0 23 .0 23.3 5.0
11.0 39.5 31.1 26.5 26.5 5.8
12.2 2+3.1 33.7 29 .0 28.5 6.3
21.3 66.5 2+9.8 2+7.0 '2+5.3 11.1
22.2 68.7 51.1 51 .5 2+7.3 1 1 .7
32.5 93.5 62+. 8 65.0 62+.8 18.0
32+.5 98.8 67.1 67.5 71.2+ 20.8
38.3 109.2 85.3 86.5 86.5 28.0
2+0.2+ 115.8 97.5 97.5 103.0 37.5
2+5.2 136.6 12+0.6 12+2.5
2+5.8 139.8 12+7.9 12+7.5
2+8.3 167.9 217.5 217.0
2+9.1 222.0 222.0
,2+9.2
(T.O.N.j, ;
22+0.5
Computed results for Nitrosomonas kinetics ("based on Proposed 
X0= 0.71 g/m? Mm = o.uit day-1. Mociels;
tjS 67.5 hrs. = 2.U5 g/m3. B =  0.0078 day”1. (g/m3) .
Computed results for Nitrosomonas kinetics ("based on Downing’s 
xo= 0.71 g/m3. My = O.hh day-1. Kg=13.h5 g/m3. Mod
Computed results for Nitrobacter kinetics:
XB = 0.295 g/m3. MB = 0.295 day”1.
o
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Controlled pH 7.0: experimental results correspond to TABLE 8
Experi­
mental
T.O.N.
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for
Experi­
mental
n o7-n
in 
g/m3
based on 
Downing1s 
Model
based on 
Proposed 
Models
in
hrs.
Nitrobacter
kinetics
in
g/m3
1.0 5.0 2*.7 5.0 6.2 3.0
2.7 '.12.3 11 .6 10.0 12.5 1+.0
i+.3 18.6 17.5 16.0 19.2 5.2
7.2 28.5 26.7 22*.0 28. 2* 7.0
7.8 30.3 : 28.2+ 29 .0 29.1+ 7.2
11.1 39.6 '37.0.' 37.0 40.7 9.7
13.3 U5.1 2+2.0 2*2.0 2*i+.2* 10.6
15.9 51.1 2*7.2* 2*8.0 1+8.0 11.5
1/9.1 57.7 53.2 53.0 50.6 12.2
25.8 70.0 63.6 60.0 58.6 12... 1+
27 .6 73.1 66.1 66.0 63.9 16.0
29.U 76.1 72.2 72.0 70.2 18.0
31.8 80.0 81.0 80.0 78.8 21.0
36.5 87.7 101.8 100.0 100.7 30.1
k1.1 
2*1.8
2*7.1 x
(T.O.N. j,)
93.7
97.1
.
130.2
136.1
130.0
11+0 .0
178.0
Computed results 
xQ= 0.52g/m?
66.0 hrs.
Computed results 
x = 0.52g/m3.
for Nitrosomonas kinetics (based on Proposed
if ^ -1 Models)= 0.2+7 day .
xL = 1 .89 g/m3. B = O.OO969 day*"1 .(g/m3)~1 .
for Nitrosomonas kinetics(based on Downing’s 
MM = 0.U7 day-1. Kg= 3.2 g/m3. Model):
Computed results
xn = 0.26 ~/"’3
Bo
g/m-5.
for Nitrobacter kinetics: 
MB = 0 .27 day"**.
1 JL4.0
Controlled pH 7.3: experimental results correspond to TABLE 9®
Experi­
mental 
' T.O.N.
in
g/m^
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
in
hrs.
Computed time 
in hrs. for 
Nitrobacter 
kinetics
■ —  
Experi- I 
mental 
NO^-N
in
g/m5
based on 
Downing* s 
Model
based on 
Proposed 
Models
0.7 2.0 1.9 1o0
0.9 2.6 2.5 2.0
1.2 3.2 3.0 3.0
1**3 10.9 10.2 11 .0
8.9 20.2 18.7 20.5
11.1* 21*. 5 22.5 21*. 5
19.2 36.2 32.5 32.5
31*-. 6 51*. 8 1*6.6 1*1*.5 33.9 6.8
37.1 57.6 1*8.5 1*8.5 38.1* 7.9
1*0.3 61.2 51*.1 53.8 1*6.2 10.0
2+6.0 68.2 66.6 61*.5 60.9 11**5
2+8.5 71.5 73.5 71.5 68.7 17.2
51.5 76.5 85.2 81 .0 81.0 22.0
52.3 78.0 89.2 91*.0 95.8 27.8
52.8 79.0 91.8 97.0 97.2 29.5
57.0 v 119.5 119.1 1*2.2
(T.0.N.p)
Computed results for Nitrosomonas kinetics (Based on Proposed 
x q = 0 . 6 6  g/m? = 0 . 6 6  day""**. Models)
tT = 1*8.5 hrs. xT = 2.1*1* g/m5. B = 0.011*8 d a y ~ ^  • (g/m5)”1.
Computed results for Nitrosomonas kinetics(based on Downing*s 
x^=0.7 e/m3. MM = 0.66 day-1. KQ= 7.52 g/m3. Model):S .
Computed results for Nitrohacter kinetics:
Xts = 0.28 g/m^. = 0.28 day"1.
Bo B
11*1
Controlled pH 7.5^  experimental results correspond to TABLE 10.
Experi­
mental
T.O.N.
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for
Experi­
mental
NOy-N3
in
g/m3
"based on 
Downingf s 
Model
hased on 
Proposed 
Models
in
hrs.
Nitrohacter
kinetics
in
g/m3
2.1 > ? ■ U.o 2 .0
U .8 1 0 .0 8.1 8 . 0
7.1 1 U*3 1 2 .0 1 2 .0
8 .6 16.7 13.9 ih.C
*
17.5 2 9 .6 23.9 2 3 .0 27.3 8 . 0
2 2 .7 3 6 .0 28.5 28.0 31.1 9.0
2 7 .8 U2.1 32.5 32.5 31+ * 7 1 0 .0
33.8 U9.1 3 6 .6 38 .0 3 8 .2 11 .0
38.U 5U-9 Ij.6.2 U7.0 1+6 . 13.6
la-3.6 62.5 5 8 .8 5 2 .0 50.1 1I+.8
UU.6 6h . 2 6 2 .0 61;. 0 61;. 0 2 0 .0
U7.7 71. 0 75.7 71.0 7 1 .0 2 3 .0
U9.6 77.7 90.9 91 .0 93.3 3U.il
U9.8 78.7 93.U 95.0
50 .2 81 .U 1 0 0 .0 1 0 0 .0
51.5
(T.O.N.p) •
1 2 1 .0
Computed results for Nitrosomonas kinetics ("based on Proposed 
x =0.765g/m? ~ 0*765day“^
tj* 38.0 hrs* xjj ~ 2*3U g/m . B = 0.0166 day" .(g/m-5)
Models)
3n-1
Computed results for Nitrosomonas kinetics ("based on Downing*s 
io=0.77 g/m3. MM = 0.77 clay-1. Kg= 11.1 g/m3. Model):
Computed results for Nitrohacter kinetics:
■X* =0.2973 g/m3. Bo Mb = 0 .2975day
-1
1i|2
\— — O "
Controlled pH 8*0: experimental results correspond to TABLE 11*
Experi­
mental
T.O.N.
Computed time in hrs. 
for.
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for
Experi­
mental
N0,-N5
in
g/m3
hased on 
Downing1s 
Model
hased on 
Proposed 
Models
in
hrs.
Nitrohacter
kinetics
in
g/m3
O.li 1.0 0.9 2.0
1+.9 10.0 9.6 7.5
7.7 1^.3 ; 13.8 12.5
17.7 25.9 2 4 .7 23.0 23.1 7.4
2J+.3 31.6 30.0 29.0 28.9 9.0
28.0 34*4 32.5 32.5 32.2 10.0
3 M 38.6 . 36.2 36.5 35.5 11 .0
35.8 39.7 37.1 37.5 37.0 11 .5
1+1.0 43.0 39.7 40 .0 42.1 13.2
1+3.3 44.5 43.7 44.5 44.4 1 4 .0
1+5.8 46.2 48.8 47.5 47.2 15.0
1+8.7 48.5 58.3 52.5 53.4 17.4
50.5
51.5
(T.O.N.j,)
50.7 71.5 71.5
95.6
8 4.6 32.7
Computed results for Nitrosomonas kinetics ("based on Proposed 
x =0.52 g/m? M„ = 0 .9 6 day-1. Models)
tL= hrs. Xjy = 2.57 g/m . B = 0.03075 day- . (g/nr)~ .
Computed results for Nitrosomonas kinetics ("based on Downing^ 
x^= 0.5 g/nr5. My =1.0 day-1. Kg= 1.8 g/m-5. Model):
Computed results for Nitrohacter kinetics: 
xB = 0.31 g/m^. Mb = 0.31 day“1.
i 1+3
Controlled pH 8.5: experimental results correspond to TABLE 12.
Experi­
mental
T.O.N.
in
g/m3
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for 
Nitrohacter 
kinetics
Experi­
mental
N0-,-N
5
in
g/m5
"based on 
Downing* s 
Model
"based on 
Proposed 
Models
in
hrs.
•5.9. 5.3 4.7 3.0 4 .6 16 .2
"I5.li 12.2 10.7 8 .0 9.8 19.8
26.1 18.5 1 5 .8 14 .0 14.8 23.5
32.6 21.9 1 8 .4 17.5 18.0 26.0
37.1 24.1 20.0 20.0 20.4 28.0
40*6 25.4 21.2 22.0 21 .5 29.0
45.6 28.4 22.8 24.8 23 .8 31.0
54*0 33.0 25.2 27.0 26.7 33.7
61.0 38.1 36.0 36.0
62.6 40 .0 40 .0 40.0 '.v _ «
63.1 40.7 41.7 43.0
63.6 4 1 .6 43.7 4 6.O
65.2 47.0 57.6 51 .0
65.7 7 0 .0
:t.o .n .p)
- (
Computed results for Nitrosomonas kinetics ("based on Proposed 
x0=1.17g/m? MM = 1 • ModelsJ
tj-27.0 hrs. xl = g/®L B =0.02775 day~L (g/m3)-1.
Computed results for Nitrosomonas kinetics("based on Downing’s 
x = 1.2 g/m3. MM = 1.1 day-1. Kg=10.1 g/m3. Model):
Computed results for Nitrobacter kinetics:
xB = 0.75 g/m5. Mr =0.39 day"1,
o
1 4 4
Controlled pH 9,0: experimental results correspond to TABLE 13*
Experi­
mental
T.O.N.
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
Computed time 
in hrs. for
Experi­
mental
N0*-N
in
g/nr5
hased on 
Downing’s 
Model
hased on 
Proposed 
Models
in
hrs.
Nitrohacter
kinetics
m
g/m3
6.6 8.A 7.7 i+.o
■ - .
■13.3 15.2 13.7 11.0
19 .6 20.7 18.3 1 7 .0 21 .2 22.0
26.2 25.7 22.1+ 23.0 21+.7 23.7
32.8 30.5 • 25.9 26.0 27.1 2 5 .0
37.2 33.6 28.1 28.0 28.5 25.8
1+7.1 1+1.1 32.3 35.0 37.0 30.8
1+7.6 1+1.5 36.3 38.0 37.0 30.8
50.1 1+1+.0 1+1+.0 1+1+.0 1+1.2 33.5
51.1 1+5.2 1+8.1 1+7.0 U M 35.5
52.0 1+6.1+ 52.7 52.0 50.1+ 1+0.2
51+.0 
55.2
(t .o !n .p)
50.6 70.1+ 71.0
95.0
70.9 59.1+
Computed results for Nitrosomonas kinetics ("based on Proposed
Xn=0.99 g/m" mm = 0.91 day
-1 Models
tj=35.0 hrs. = ^63 B =  0.0165 day**1 • (g/m^)"1.
Computed results for Nitrosomonas kinetics ("based on Downing’s
x =1.0 g/m-5.
o MM = 0#9 day’ Kq= 7.2 g/m .
Model):
Computed results for Nitrohacter kinetics:
= 0.3975day“1.xB = 0.1+1 g/m-5.o
il+5
TABLE 55
SUMMARY OF KINETICS OP NITRIPIERS AT DIFFERENT LEVELS OF
CONTROLLED pH BASED ON PROPOSED MODELS*
pH
.
in
-1day
B
in
day-1 (g/m3)-1
m b
in
-1
day
X0
in
g/m3
XBBo
in
g/m5
0X
6*5 0.22 0.001+9 0.2 0.7 0.2 3 .5
7.0 0.2*2* 0.0078 0.295 0.71 0.3 2 .3 6
7.0 0.24-7 0.00969 0.27 0.52 0.26 *2.0
7.3 0.66 0.01 i+8 0.28 0.66 0.28 2.36
7.5 0.7 65 0.0166 0.298 0.77 0.3 ■2.56
8.0 0.96 0.031 0.31 0.52 0.31 1.7
8.5 1 .12+ 0.028 0.39 1 .17 0.75 1.6
9.0 0.91 0.0165 0.398 0.99 0.2*1 2.2*
7.1 .1.2. NITRIFICATION STUDIES AT DIFFERENT LEVELS OP HIGH
CONCENTRATION OP AMMONIA-NITROGBN AT CONTROLLED pH 7.0
TABLE 56 (fig. 11+) . V
(HIL )2S0^ = 528 g/m3. - ( =112 g/m3. )
Experimental results correspond to TABLE 30.
Experi­
mental 
T.O.iT. 
in t, 
g/m0
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi- 
ment-al 
time 
in . 
hrs.
Computed time
in hrs. for 
Nitrobacter
Experi­
mental j 
N0-.-N i 
3, 
g/nr■based on Proposed Model kinetics
3 > 3.2 3.0 .
7.3 6.3 5.° 3.6 10.8
>0.7 21*.2 22.0 23.8 28.8
U8.5 27 .0 27.0 26.0 31.5
52.7 28.Z* 2 9.O 29 .0 35.0
>6.0 U7.6 61*. 0
51.0 51,5 7 2 .0
53.0 52 .0 74-3
70.0 62.k 98.0
Computed results for Nitrosomonas kinetics :
x =1.325 g/nr*. =0.925 day"1. t^ = 29.0 hrs.
Computed results for TTitrobacter kinetics : 
xB =0.56 g/m^. . MB = 0.56 day"1.
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jLrxx^xaj-j y f yx /
(BH. )2 S0^ = 1056 g/m3. ( BH3-N =221j g/m3. ).
Experimental results correspond to TABLE'. 3*1*
Experi­
mental
T.O.N.
in a 
g/m
Computed time in hrs.
. ~ for 
Nitrosomonas kinetics
Experi­
mental
time
in
hrs.
Computed time
in hrs. for 
Nitrohacter
Experi­
mental
NO^-N
g/m^"based on Proposed Model kinetics
2.9 ■ 2 .6 2 .0 1.3 4.2
7.0 6 .0 4*0 4.0 7.2
24.O ♦ 6 23.5 23.5 20 .0 33.0
52.8 28.0 27.5 24.8 44*0
62.0 30.6 29.0 28.0 53.0
1.26.24- 44*5 44.5 44.5 120.0
147-9 47.5 48.5 4 8 .6 144 • 6
154.6 48.8 49.5 49.8 152.0
Computed results for Nitrosomonas kinetics :
3C0 = 1,3it g/m3. MH = 0.9U day”1. ^ = 14.9 .5 hrs.
Computed results for iTitrohacter kinetics :
XB = 0.52 g/m^. Mr as 0.92 day""1,
o D
1
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(KH, )2SG^ = 1581+ g/m3. ( NH3-N = 336 g/m3. )
Experimental results correspond to TABLE 32 .
Experi­
mental 
T.O*N.
in * 
g/m
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
in
hrs.
Computed time
in hrs. for 
NitroBacter
Experi­
mental
N0..-N
g/mBased on Proposed Model .kinetics
2.7 2 .0 2 .0
13.3 8.6 6 .0 6 .1+ 25 .2
1*9-9 v ' 23 .0 22 .0 19.3 ; 52 .8
76.7 29 .6 29 .0 26 .6 77.0
87.7 32.0 30*0 2 9.O 88 .0
191.1* 1*6.1* 1*6 * 5 1+6.5 196 .2
218.1 1*9 .0 1+9 .0 1*9.1* 22!+. 0
227.1+
)
149.8 50.0
f
5 0.1* 231+.0
I_!
Computed results for Nitrosomonas kinetics :
= 1 ,1*5 g/nA Mm = 1 .05 day"*1. tg = 50 ,0 hrs.
Computed results for NitroBacter kinetics :
= 0.59 = 1.01 day"*1.
o
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(NH. )2S0^  = 2112 g/m3. ( NH,-N=l^8 g/m3. )
Experimental results correspond to TABLE 33.
Experi­
mental 
T.O.N. 
in * 
g/m3
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
in
hrs.
Computed time
in hrs. for 
Nitrohacter
Experi­
mental
N0-.-N
g/m3Lased on Proposed Model kinetics
2.3 1 .1* 2.0 0.1* 9.2
9.6 i 5.3 i*.o 1*.5 1 3 .6
83*5 26.1 25.0 20.0 61.6
136.7 36.0 33.0 28.5 * 96.0
275.2 U7.5 . 1*6.0 U7.0 221*.0
331.8 >9.0 ' 50.0 50.1 295.0
555.2 50.0
... n , ... |
51.0
T
52.0 332.0
!i1
. .  — i
Computed results for Nitrosomonas kinetics :
xQ = 1.6 g/m^. Mm =1.18 day*1. tL = 51 .0 hrs.
Computed results for Nitrohacter kinetics :
XB “ °*32 g/m3. = 1.1* day"1,
o
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(MH.)2SO^ =261+0 g/m3. ( MHj-N =560 g/m3. )
Experimental results correspond to TABLE 3U»
Experi­
mental 
T.O.N. 
in * 
g/m
Computed time in hrs. 
for
Nitrosomonas kinetics
Experi­
mental
time
in
hrs.
Computed time
in hrs. for 
Nitrohacter
Experi­
mental
NOy-N
g/m3hased on Proposed Model kinetics
• '1*4 : 0 .9 2.0
8.0 1+.5 h.o 3.8 20.U
68.1 23.1 22.5 1 9 .0 72 .0
100.5 29.0 27.5 25.3 99.0
121.6 32.0 30. O' 28.3 116.0
265. b U5.0 It-6.0 Uh.5 221+.0
331+.0 U9.0 50.0 1+9.0 280.0
363.1 51.0 51.0 51.1
.
308.0
Computed results for Nitrosomonas kinetics :
xQ = 1.595 g/m^. My = 1.185 day"1. = 5 1 .0 hrs.
Computed results for Nitrohacter kinetics :
XB ~ g/m^. = 1.0? day"1,
o
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TABLE 61 (fig.20; , , ,
(NH,)2S0, - 5280 g/m3 ( = 1120 g/m3 )
Experimental results correspond to TABLE 35*
Experimental 
T.O.N. in
g/m^
Computed 
results for 
Nitrosomonas
kinetics: 
in day~1
Computed time 
in hours for 
Nitrosomonas
based on 
Prouosed Model
Experimental 
time 
in 
hours
Computed 
time in 
hours for 
Nitrohacter
kinetics
Computed 
results for 
Nitrohacter
kinetics: 
Mg in day1
Experimental
NO^-N in
?/nr
116.5
185*9
21*0.5
k16.5
582.9
651*5
91+2. U
988.5
1013*5
0.99
0.87
0.51
0.9
3.6
17.0
26.0
30.0 
1*1.0
50.0
52.0 
61*. 5
66.0 
68.0
2.0
I*.0
20.0
25.5 
30.0 
1*1* .0 
1*9.0
52.5 
66.0 
68.0 
70.0
2.0 
18.0 
25.5 
31 .2 
1*5.0
53.0
56.0 
66.0 
67.0
0.87
( 11*.0
111*. 1*
155.0
295.0
1+17.0
1+70.0
700.1*
Computed results for Nitrosomonas kinetics : xQ = 1+.91 g/m^.
Computed results for Nitrobacter kinetics : xR = 1.395 g/m^.
o
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TABLE 62 (fig. 22)
(lIH^SO^ = 10560 g/m3 (iilij-N = 221+0 g/m3)
Experimental results correspond to TABLE 36.
Experimental Computed Computed time Experimental Computed Computed Experimental
T.O.N* in
results for 
Nitrosomonas
in hours for 
Nitrosomonas
time time in 
hours for
results for 
Nitrobacter NO^-N in
g/m^
kinetics: based on in Nitrobacter kinetics: e/c/
in day”1 Proposed Model hours kinetics “bt in da?
1
9.0 ) 1 .9 2.0 2.3 / 11+.8
1 5 .3 ( 0.74 3 .0 4.0 3.9 18.3
156.8( ( V 25.5 2 3.O 26.1+ 87.2
201 .6) 30 .0 28.0 32.1 112.0
361+. 6 A 1+6 .0 48.0 1+8.0
0.63 <
205.O
1+22.1 ) 52 .0 51.0 51.7 232.5
1+31+.6 \ 0.53 53.0 53.0 53.2 ' (Mb) 21+5.0
766.6 ( 76 .0 71.0 68.9 I+I7 .0
831.6 I 79.1 75.5 73.7 1+82.0
859.6/ 81.0 77.5 75.3 520.0
1169.6] 96.0 95.0 92.5 880.0
1191+. 6 > 0.37 97.2 97.0 95.1 9 20 .0
1261+.6 j 100.0 101 .0 98.9 I 1025.0
1599.6 ■) 116.6 ■ 119.0 118.0 f11+80.C
161+9 • 6 > 0.28 119.0 122.0 120.0 0 .48 \ 151+0.0
1709.6J 121.9 125.0 12I+.6 I1620.0
2001+.6 ] 11+0.0 143.0
2029.6 / 0.18 11+1.5 145.0
2052.6 ( 11+3.0 148.0
2070.6 J 11+5.0 150.0
Computed results for Nitrosomonas kinetics : x = 7.35 g/m"*.' Q
Computed results for Nitrobacter kinetics : x„ = 1.545 g/m .
‘Bo
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(NH^SO^ = 15840 g/m3. ( NH3-N - 3360 g/m3 )
Experimental results correspond to TABLE 37
Experi­
mental
T.O.N.
in -r
g/m
Experi*
mental
time
in
hours
6.6 2.5 \
13-1 4.0 j
164.5 22.5 >
217.0 28.0 \
240.0 31 .0/
409.8 47.0 '
492.5 52.0
520.0 54.0.
789.5 70.5 '
840.O 72.0
903.0 76.5
955.0 78.0 .
1329.5 95.0
1400.0 97.0
1481.5 100.0
1600.0 103.0
2100.0 118.0
2175.5 120.0
2260.0 124.0
2320.0 126.0
2699.5 142.0
2735.5 144.0
2800.5 148.0
2830.0 150.0
Computed time in hrs. 
for
Nitrosomonas kinetics
"based on.Proposed Model
1.6
3.0 
2U.0
28.0 
29 .0  
I4.I4..O 
50.0
53.0
66.5
68.5
71.5 
7^.0
91.0
9h.O
97.0
101.5
119.0  
122.0 
125.0  
127.0 
IliU.O 
11+5.0 
11+8.0 
1U9.0
Computed results for 
Nitrosomonas kinetics
Mt -1in day
0.99
O.lh
0.59
0.47
0.1+
0.2
Computed results for Nitrosomonas kinetics : x. = 1+.98 g/m^.
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TABLE 61+ (fig. 26)
(HH, )gSO^ = 26UOO g/m5. (NH3-N = 5600 g/m5)
Experimental results correspond to TABLE 38.
Experimental 
T.O.N. in
g/m^
Computed 
results for 
Nitrosomonas
kinetics: 
in day"^
0.92
o .i+26
0.1+5
0.3b
0.25
0.26
0.3
0.36
0.28
0.13
Computed time 
in hours for 
Nitrosomonas
"based on 
Proposed Model
Experimental 
time 
in 
hours
2 .3 2.0 0.5
5.0 1+.0 2.0
28.0 22.0 22.2
33.0 27 .0 27.0
1+7.0 1+1+.0 1+2.0
51.0 1+9.0 1+9.0
52.0 5I.O ■51.3'
73.0 72.0 72.2 .
75.0 71+.0 . 73.0
78.5 76.0 76.0
95.9 96.0 96.5
99.0 98.0 98.0
101.1 101 .0 100.0
111+.5 117.5 115.5
116.0 119.0 117.0
118.5 122.0 118.5
135.5 11+2.5 135.0
138.0 11+1+.0 137.0
11+1 .0 11+8.0 11+0.0
157.0 162.0 157.0
160.0 166.0 160.0
167.0 171.0 167.0
188.5 191.0 195.0
193.5 195.0
0•«r-0CM
197.0 198.0 203.0
212.0 213.5 216.0
218.0 216.0 221 .0
222.0 218.0 223.0
2^3.0 21+0.0 21+2.0
21+6.0 21+1+.0 21+1+.3
21+9.0 21+6.0 21+6.0
Computed 
time in 
hours for 
Nitrohacter
kinetics
Computed
results for
Nitrohacter
kinetics: 
-1in day
0.91+
0.31
0.66
0.1+75
0.31+5
0.3U5
0.1+1
0.1+1+
0.325
0.165
Experimental
NO^-N in
g/m-
Cont'd.
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TABLE 64 ( Cont'd. )
Experimental 
T.O.N. in
g/m5
Computed 
results for 
Nitrosomonas
Computed time 
in hours for 
Nitrosomonas
Experimental
time
in
hours
Computed 
time in 
hours for 
Nitrohacter
Computed 
results for 
Nitrohacter
Experimental 
NO-—N in
j
g/m5kinetics: 
in day“^
based on 
Proposed Model
kinetics:
_1
in daykinetics
i+883 - 9 )
4933.9 >
4948.9 )
0.07
261.0  
265.O 
266*0
262.0
2614..0
266.0.
Computed results for Nitrosomonas kinetics : xQ = 5.325 g/m . 
Computed results for NitroLacter kinetics : xR = 0.94 g/m .
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(m. )2SO = 261+00 g/m3. ( NH3-N - 5600 g/m3 )
Experimental results correspond to TABLE 39.
Experi­
mental
T.O.N,
m
g/nr
20.9 
36.0 
131.6 . 
131.6
131.6  
12+6.6 
22+6.6
288.6
556.6
626.6 
666.6 
1036.6 
1080.6
1171.6
1196.6 
1622.6 
1706.6
1761.6
1831.6
2556.6 
2651 .6  
2786.6 
282*1.6
3501.6
3578.6
3 7 0 6 .6  
2+2 3 1 . 6  
U30U.6 
2+3 6 6 . 6  
2+706 • 6 
2+72+1 . 6  
2+7 6 1 . 6
Experi­
mental
time
in
hours
Computed time in hrs. 
for
Nitrosomonas kinetics
hased on Pronosed Nodel
Computed results for 
Nitrosomonas kinetics
2.0 
2+.0 
12+.5
52 .0 
68,0 
72+.0 
92*. o 
98.0 
100.0
117.0
119.0
122.0 
123.0
137.0 
12+0.0 
12+2.0 
12+2+.0 
162+.0
166.0  
169.0 
170.0 
190.0 
192,0
195.0 
212+.0
218.0 
220.0 
236.0 
238.0 
239.0
“ 1
in day-1
0.97
0.12
0.22
0.255
0.25
0.3
0.205
0.13
0.07
8.26 g/m^.Computed results for Nitrosomonas kinetics : =
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TABLE 66 (fig. 30 & fig. 31)
(NH, = 1581+0 g/m3 (NH3-N = 3360 g/m3)
Experimental results correspond to TABLE 40.
Experimental 
T.O.N. in
g/ra?
Computed 
results for 
Nitrosomonas
Computed time 
in hours for 
Nitrosomonas
Experimental
time
in
hours
Computed 
time in 
hours for 
Nitrobacter
Computed 
results for 
Nitrobacter
Experimental 
N03-N in 
g/m^kinetics: 
in day*"^
based on 
Proposed Model
kinetics: 
Mbt in da^kinetics
3.5 6*0 6.0
i+.o ,7.0 7.0
17.6 21+.0 2 4 .0 23.2 y 23.0
20.0 0.6 27.0 26.0 21+.6 25.0
23.1 30.0 28.0 25.6 ; V 2 7 .5
1+5.5 56.1 k S . 5 55.0 . 0 .49 \ 1+6 .5
51.9 59.8 50.0 38.0 ‘ / 52.2
56.0 62.0 52.0 1+0.0 v 59.2
100.1 71 .0 69.0 55.0 r 102.8
110.9 71+.0 72 .0 58,8' 113.1
121.3 75.5 75.5 62.6 123 .0
221.6 91+.0 94.5 80.6 209.1
225.0 0.61+ 95.0 95.5 82.1+ 0 .66 { 220 .0
21+5.0 97.0 • 98.5. 85.1+ (mb) 21+0.0
1+62.8 120.0 120.0 115.3 1+60.0
511+.3 123.0 125.0 119.1 512.0
528.6 125.7 126.5 120.0 526.0
81*0.5 11+5.0 142.0 11+5.6 r 81+0.0
871+.9 0.68 11+7.0 144.0 11+8.0 0.63 < 871+.0
920.8 cy 11+9.0 146.0 11+9.9 I 920.0
1292.8 165.1+ 164.5 170.3 r 1295.0
131+7.8 0.1+1+5 167.6 166.5 172.5 0.425 < 1350.0
1359.8 169.1 167.0 171+.0 1 1362.0
2015.0 191+.5 192.5 201.0 r 2016.0
2082.2 0.37 198.0 195.0 205.0 0 .35 < 2085.0
2121.5 199.1 196.5 206.5 1 2125.0
21+96.3 215.0 212.5 221.3 r1 2500.0
2555.8 0.21+5 217.0 214.5 223.6 0 .2 4 1 2560.0
2596.8 219.0 216.5 225.1 12600.0
Cont*d...
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TABLE 66 ( Cont*d.
Vf;
\? ‘ ■'. *■' . 
. / ■* . •’
Experimental 
T.O.H. in
g/m"*
Computed 
results for 
Nitrosomonas
Computed time 
in hours for 
Nitrosomonas
Experimental
time
in
hours
Computed 
time in 
hours for 
Nitrohacter
Computed 
results for 
Nitrohacter
Experimental 
HQj-N in 
g/m^kinetics: 
in day'”'*
"based on 
Proposed Model
kinetics; 
in daykinetics
281+0.1 231 .0 232.5 232.6 r 281+3.0
2875.1 0.135 233.0 23U.5 23U.0 0.13 < 2877.0
2895.8 23h*5 236.0 235.0 I 2898.0
*2
Computed results for Nitrosomonas kinetics : xQ = 1.05 g/m . 
Computed results for Nitro'bacter kinetics : xB = .0*5 g/m"*.
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T&BEE 67 (fig. 33 & fig. 34)
(WH, )gSO^ = 2:6400 g/m3 (NH^-W = 5600 g/m3)/
Experimental results correspond to table 41*
Experimental
T.O.N. in
Computed 
resuita for 
Nitrosomonas
g/m'
kinetics:
Mt in day'-1
0.11
0.195
0.25
Computed time 
in hours for 
Nitrosomonas 
"based on 
Proposed Model
1 *4 
3.1+
5.9 
23. 4
26.5
29.9
48.0 
. 1+9 .8
51.0
68.5 
71.8  
74-7
93.0
97.0
97.9
114.3
118.5
122.6  
138.2 
11+2.4
145.0 
168.6  
170.2
172.0
190.5
193.6
195.3 
216.0 
217.8 
219.5
238.1
241.2 
242.0
160
Experimental 
time 
in 
hours
2.0
4*0
6.0
20.0
23.0
26.0
44.5 
48.0 
50.0
68.5 
72.0
74.0
93.0
96.5
98.0
115.5 
120.0
122.5 
.114-1.5 
110*.0
1146.5
165.5 
168.0 
170.0  
189.0 
192 .0
194.0
213.0 
216.0  
218.0
236.5 
240.0  
242.0
Computed 
time in 
hours for 
Nitrohacter
kinetics
0.6
2.1
3.1 
23.0 
26.0
29.3
48.8 
50.7 .
52.4
68.4  
72.6  
74.6
90.1
93.5 
96.3
111.1
115.9 
120.2
133.0
136.9
140.0
164.8
168.4 
170.0
196.4
189.4 
192.2 
210.2
213.9
216.5 
233.1
237.5 
240.4
Computed
results for
Nitrohacter
kinetics:
-1
in day
Experimental
NO^-N in
0.215
0.31
0 .32
g/m'
TABLE 67 ( Cont'd. )
Experimental 
T.O.N. in
g/m3
Computed 
results for 
Nitrosomonas
kinetics: 
in day”1
0.315
0.395
(MM>
0.21
0.085
0.03
Computed time 
in hours for 
Nitrosomonas
"based on 
Prooosed Model
263.2  
265.1 
266.9 
282.0 
288.1
290.2  
310.0
311.3
313.4 
337.3 
339.0
341.2
361.2 
362.8
364.2
379.2
382.2 
382.6
Experimental
time
in
hours
Computed 
time in . 
hours for 
Nitrohacter 
kinetics
Computed 
results for 
Nitrohacter
kinetics: 
in day1
Experimental
N0..-N in 2
jjm'
263.5
265.0
266.5
282.5
288.0 
290.0
309.5
311.5
314.0
335.0
337.5
339.0
361.0
363.0
364.0
379.0
382.0 
383.0
261.2 
263.0 
264.8
283.7
289.8 
291.9
310.5 
312.8
315.8
334.8
337.6
338.8
0.345
0.425
(mb)
O.2I5
0.09
2055.0
2115.0
2175.0
3010.0  
3250.0 
3380.0 
U075.0 
k150.0
1*2 30 .0  
1+590.0  
1+61+0.0 
1+661 .0
Computed results for Nitrosomonas kinetics s'x = 11+ • 3i 5 g/nr*# 
Computed results for Nitro'bacter kinetics : =2.11 g/nr*.
161
TABLE 68
SUMMARY OP KIBETICS OP NITRIFIERS AT DIFFERENT LEVELS OF 
INITIAL CONCENTRATION OF AMMONIA - NITROGEN AT CONTROLLED pH 7.0 :
So
in
g/m3
%
in
day-1
Mb
in
day- ’1
X
0
in
g/m3
xn 
: Bo 
in
■z
g/nr
xo
X
50.5 0.1+4 0.295 0.71 0.295 2.36
55.6 0.47 0.27 0.52 0 .26 2 .0
100.5 0.925 0.56 -1.325 0 .56 2.36
208.0 0.94 0.92 1.34 0.52 2 .6
318.0 1.05 1 .01 1.45 0.59 2.5
1+14 .0 1.18 1.4 1 .6 0.32 5.0
558.0 1.185 1.07 1.595 O .67 2 .1*
1060.0 0.99 0.87 4.91 1.395 3.6
2100.0 0.74 O .63 7.35 1.5U5 1+.7
3096.0 0.68 0 .66 1.05 0.5 2.1
5000.0 0.395 0.1|25 14.315 2.11 7.0
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7.2. PROPOSED MATHEMATICAL MODELS ON THE DERIVED RESULTS
7.2.1. CONTROLLED pH STUDIES
Prom the derived results (Table 55)it is clear that ’’maximum 
T.O.N. production rate, M^", "Blackman constant, B" and 
"maximum NO^ - N production rate, Mg" are functions of pH.
The analysed results were fitted to different mathematical 
relations. The equations which gave the closest fit to these 
results so far obtained were:
(a) Change of with pH (Table 69 and Figure 3 7 )
M„ =M “ 0.93 EXP .... 7*2.1.
(b) Change of B with pH (Table 70 and Figure 37.)
B = 32. U2 EXP _ 996.03 { .... 7-2.2 .
(c) Change of Mg with pH (Table 71 and Figure 38 )
= 0.03 (pH) 3 - .67 (pH) 2 + 5 .0U (pH) - 1 2.hi‘B
.... 7*2*3
The above three mathematical expressions (equations 7.2.1,
7.2.2, and 7.2.3.) are only true in the range of pH from 6.3 
to 9.0 at constant temperature 25°C and in the range of 
initial ammonia nitrogen concentration of 50 g/m3.
7.2.2. STUDIES A.T HIQH CONCENTRATIONS OF AMMONIA AND PROCESS 
KINETICS
From the analyses of experimental data of controlled pH studies
(Section 7*1*1*1*) the computed results clearly showed that 
a better fit was obtained with the proposed models (equations
6 . 2 and 6.2.5) than with Downing’s model (equation 6.2.3*)• 
Therefore only the proposed models were used to analyse the 
experimental results in the studies at high concentration of 
ammonia. Table 68 indicated that in the present work the so 
called “maximum specific T.O.N. production rate, M^“ (which 
is analogous to maximum specific growth rate) showed a transient 
variance with initial substrate concentration, or, in other words 
exhibited “growth rate hysteresis” similar to that reported by 
Perret (92). This shows that there exists an absolute 
maximum value of A mathematical model analogous to the
Monod equation giving a close fit to the results (Table 72,
Figure 39) (up to Sq:£= 500 g/m^) is proposed here:
MASo
%  = Kq + S „  7.2.1*.
So 0
where = “Absolute maximum specific T.O.N. production rate” 
(which is equivalent to “absolute maximum specific ammonia 
oxidation rate”) in day”'*’, here the value has been found to be 
l.U day”1 and
Kg = saturation constant, numerically equals to SQ at which
®  7  ^
is equal to one-half M^, in g/m , here the value has been 
found to be 102.25 g/m^.
Therefore we can write in the range of SQ = 50 to 500 g/m^ 
(approximately), at constant temperature 25°C and controlled 
pH 7.0:
l.h
if —•
M ~ 102.25 + SQ
161+
Table 68 also indicated that decreased with a further 
increase in SQ (1000 g/m^ or more) implying substrate 
inhibition* It was found that the results could be well 
explained by a mathematical model analogous to Haldane's 
equation on enzyme inhibition (Table 73 and Figure UO):
MM = K0 ; o "•••*•• 7*2.3.
1 + J °
x ■ S K.o 1
where Kg = saturation constant/numerically equals the lewest 
concentration of SQ at which is equal to one half in 
absence of inhibition, here the value has been found to be 
73.07 g/m3 
and
= inhibition constant, numerically equals the highest 
concentration of SQ at which is equal to one half in 
the absence of inhibition, here the value has been found to be 
3070 g/m3.
Therefore, we can write in the range of S = 50 to 5000 g/m3 
(approximately), at constant temperature 25°C and controlled 
pH 7.0:
•jyr 7.2.6.
= 73.07 Sn
1 +   + °SQ 3070
versus NHyN concentration and versus NO^-N concentration 
at any time t corresponding to different SQ are plotted in 
figures 35 and 36. ( Tables 61 - 67 ).
Different kinetic models dealing with substrate inhibition
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as classified "by Edwards ('43) (Section 3®3*3*) were compared 
with these results. However, none of them gave a satisfactory 
fit. The results were found to give a-good fit to a relation:
M.K, -Kp/S 
Mt = K + e ..... 7-2.7.
S
where = "specific T.O.N. production rate" (equivalent to
—1"specific ammonia oxidation rate") at transient state in day” .
= "Absolute maximum specific T.O.N. production rate”
(which is equivalent to "Absolute maximum specific ammonia
—1 —1oxidation rate")in day ” =1.4 day” (see equation 7*2.4.)
K, , Kg = empirical constants.
(see Tables 74, 75, 76 and 77 and figures 4  ^ and 42 •
In order to verify the ammonia-nitrogen vs. time curve 
equation 7*2.7. has been expressed in terms of S, t, and xQ as 
follows:
-Kg/S
e *  7.2.7.
S"
Prom our assumption is analogous to "specific growth rate 
cf Nitrosomonas at transient state”, hence
Mt = x * dt ..... 7.2.8.
Combining equations 7.2.7, 7.2.8, 6.1.5 and 6.1.6 we can 
write:
K + V i
It has not been possible to find an analytical solution for 
the above differential equation. A computer was, therefore 
used to solve the equation by numerical integration using the 
,fEuler Integration” method. The results correspond to 
SQ = 5000 g/m^ are plotted in Pig. 43. This acted as a check 
of the previous procedures and models. The good fit of the 
resulting curve with experimental points indicate that the 
stagewise analysis and its implicit assumptions were reasonable.
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TABLE 69. VARIATION OP "M.." WITH -pH. (fig. 37)
pH Mj, (Experimental) in day
—i
(Computed) in day-
6.5 0.22 0.23
■7.0 0.1+7 0.1+7
■7.3 0.66 0 .65
7.5 0.765 0.765
8.0 0.96 1.0
8.5 1.11+ 1.07
9.0 0.91 0.91
TABLE 70. VARIATION OP "B" WITH pH. (fig. 37)
B (Experimental) B (Computed)
in inpH
day-1. (g/m-5)-1 day-1 .(g/m3)-1
6.5 0.001+9 0.0021
7.0 0.0078 0.0081
7.3 0.011+8 0.011+6
7.5 0.0166 0.0197
8.0 0.031 0.0298
8.5 0.028 0.028
9.0 0.0165 O.OI65
TABLE 71 VARIATION OP "M " WITH pH. (fig. 38)
pH
■ 1 . ^
Mg (Experimental) in day~ Mg (Computed) in day
6.5 0.2 0.22
7.0 0.27 0.27
7.3 0.28 0.286
7.5 0.298 0.296
8.0 0.31 0.327
8.5 0.39 0.381+
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TABLE 72 VARIATION OP "S0" WITH "MJ'. (fig. 39)
"So'' IN THE RANGE OP 50 - 500 g/m3.
SQ in g/m3 Mjj(Experimental) in day"** Mjj(Computed) in day~** •
55.6 0.1+7 0.1+9
. 100.5 0.925 0.7
208.0 0.9h 0.91+
318 .0 1.05 1 .0 6
i+1 u.o 1.18 1 .1 2
558.0 1.185 1.185
TABLE 73 VARIATION OP "S " WITH "M„" (fig. UO)
1 " ' ■ 1 ' ' ri 1 1 ■ O  “ M  .
"S " IN THE RANGE OP 50 - 5000 g/m3.
SQ in g/m5 Mm (Experimental) in day*-* M„(Comt)uted) in aay~l jM *
55.6 0.1+7 0 .6
100.5 0.925 0 .8
208.0 0.91+ 0 .9 8
318.0 1.05 ' 1 .0 5
1+1I+.0 1.18 1 .0 7
558.0 1.185 1 .0 7
1060.0 0.99 0 .9 9
2100.0 0.71+ 0.81
3096.0 0.68 0.69
5000.0 0.395 0.53
I
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TABLE 7U VARIATION OF ,yS” WITH f^ig.UI )
SQ = 1060 g/m ( Experimental results correspond to TABLE 61.)
S in g/m5 (Experimental) in day-”* —1M. (Computed) in day
1000.0 0.99 (Mm) 1 .036
650.0 0.87 0.87
1+00.0 0.61+ 0.61
125.0 V 0.51 0.51
K = 0.51 day-1.
^  =3752508 (g/m5)2. 
K2 =2300 g/m5.
TABLE 75 VARIATION OP "S" WITH "M, " . (fig. 1+1 )
S = 2100 g/m ( Experimental results correspond to TABLE 62. )
S in g/m M+(Experimental) in day-^ ”*1(Computed) in day"
2000.0 0.71+ (Mm) 0.76
1700.0 0.61+ 0*68 ^
11+5 0 .0 0.53 0*58
975.0 0.37 0.33
650.0 0.28 0.2
100.0 0.18 0.18/
K = 0.18 day-1.
K. = 238301+00 (g/m5)2. 
K2 = 5330 g/m5.
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TABLE 76' VARIATION OF 11S" WITH "M.". (fig. 1*1 )
SQ = 3096 g/m (Experimental results correspond to TABLE 66.)
—
S in g/nr (Experimental) in day”
.i......a.i.n. «i i r i i ^
(Computed) in day”
3050.0 0 .6 0.63
2850.0 0 .66 0 . 6I4.
2500.0 0 .68 (MJ 0.65
1650.0 0.55 0.56
1375^0 O.lj.6 0.U7
510.0 0.17 0.114-
250.0 0.135 0.135
K = 0.135 day-1.
K., = 167U3162 (g/m3)2. 
Kg = U968 g/m3.
TABLE 77 VARIATION OP 11 3" WITH "M+". (fig. b2)
2
SQ = 5000 g/m (Experimental results correspond to TABLE 67•)
— w
S in g/m
. ....... . . .. ■ J-
(Experimental) in day"
. ..... ... .— :—  ■
(Computed) in day”
5000.0 0.17 0.19
' U250.0 0.22 0.229
3500.0 0.275 0.275
3000.0 0.31 0.31
2500.0 0.35 0.3U7
2000.0 0.39 0.3714-
1500.0 0.385 0 .3 6 3 1
1250.0 0.325 0 .3 2 6 j
1000.0 0.255 0 .2 5 3 j
875*0 0.225 0 .2 0 3 1
500.0 0.12 0.05U
300.0 0.085 0.031 I
K = 0.03 day-1.
^  = 605LL90 (g/m3)2. 
Kg = 3638 g/m3.
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8. D I S C U S S I O N  .
8. DISCUSSION
8.1 . NITRIFICATION STUDIES AT DIFFERENT CONCENTRATION 
LEVELS.OF AMMONIA
The present work was initiated by need for kinetic relations
on biological nitrification on collaborative experiments with
coke-oven liquor in the research laboratory of the British
Iron and Steel Research Association. Coke-oven liquor is a
strong liquor and often creates, problem due to the presence
of high concentration of ammonia & phenols. The oxidation
of phenols in biological waste treatment is inhibited by
ammonia. Thus, if treated effluent is recycled to a biological
phenol oxidation process as a diluent it will be more effective
if it is free of ammonia. This substantiates the need of
nitrification studies at high concentration of ammonia. It was
found from the research report of British Steel Corporation
Tubes Division (18a) that in the purification treatment of coke-
oven liquor with biological filters the rate of treatment was
too slow to have a large plant-scale application. They also
commented that though biological filters are more able to deal
with fluctuating loads, which may be useful in treatment of
some wastewaters, it may not necessarily be so in the case of
a more difficult effluent like coke-oven liquor. The present
work has been carried out using an activated sludge system.
With the present set of experimental results at low ammonia 
concentration (section 5*1•)> attempts were made to evaluate 
different kinetic parameters of nitrification by Downing’s 
model (equation 6.2.3.) in activated sludge system, using a 
computer to carry out the laborious calculations. The programme 
was based on "Pattern Search” procedure described in Appendix 11.3*
211
The derived results tables (section 7*1*) and the figures
have been made to develop suitable mathematical relations* 
Mathematical models based on the Blackman Kinetics (equations 
6 * 2 . and 6.2.5*) were found to give a better fit (TABLE 47* 
48, 499 50, 51 * 52, 53* and 54 & fig* 5-13 ) by using the same 
calculation procedure. This showed the superiority of these 
proposed models (equations 6.2.4* and 6.2.5*) in describing 
nitrification kinetics in an activated sludge system at low 
ammonia concentration in comparison with Downing*s model. 
Possible explanation for this disagreement may be as follows;
Of primary interest to a microbial growth curve are the 
logarithmic growth phase and the stationary phase. Growth in 
the logarithmic growth phase follows the equation
where x = number of microorganisms.
The transition from the logarithmic growth phase to the 
stationary phase depends upon the factors causing the cessation 
of growth. The factors limiting growth are, primarily, depletion 
of nutrient and/or accumulation of toxic metabolites. When 
depletion is the principal factor, the relation between the 
increase in cell mass and the initial concentration of nutrient 
is linear. The specific growth rate then becomes a function of 
the concentration of nutrient (S) remaining.
(No. 5, 6, 7, 8, 10, 11, 12 and 13 ) showed that the results 
did not fit well with Downing*s model. Therefore/attempts
1 . dx 
x dt constant 8.1
8.2
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The Monod equation for microbial cell growth, in fact, does
not clearly show the existence of these two distinct regimes,
although this is the most frequently observed phenomenon
related to the growth of microorganisms. Knowles & Dov/ning
(69) used a very low concentration of ammonia-nitrogen « 2 0  g/m5).
This low concentration may be considerably below that required
for a growth rate close to the maximum value.
The Blackman Kinetics on the other hand allows for the 
existence of these two distinct regimes, as has already been 
discussed in section 3*3*1 * This idea was used as a framework 
in the present studies to explain the nitrification kinetics.
The derived results showed that this type of relationship is 
in error only near the point of discontinuity. This has been 
clearly shown in figure 13*
The present field of study was then continued with different 
levels of high concentration of ammonia. The derived results 
showed that
a) the specific T.O.N. production rate increased with 
increase of initial ammonia concentration up to a limit.
b) the instantaneous relationship between the specific growth 
rate (analogous to "specific T.O.N. production rate” in the 
present study) and limiting substrate concentration during 
growth, as represented by the Monod equation, was not observed.
c) maximum specific T.O.N. production rate, (which has been 
thought to be constant so far), showed a transient variance with 
substrate concentration or in other words exhibited "growth rate 
hysteresis”. This showed the existence of an absolute maximum 
value of Mir* This has been referred as "Absolute maximum
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specific T.O.N. production rate,M^ ". The computed value of
-1was found to he 1.4 day . The experimental results 
(TABLE 68 ) showed that the corresponding initial concentration 
of ammonia nitrogen is within the region of 500 - 1000 g/m5.
This also indicates that '
d) the relationship between and initial ammonia concentration 
is significant. This has not been allowed for in previous work.
e) Mjj- is influenced by the initial ammonia concentration as 
well as by the ammonia present at any time in the system.
f) decreased slov/ly with further increase in initial ammonia- 
nitrogen concentration (1000 g/m5 or more, TABLE 68 ) implying 
substrate inhibition (figure 40 )
g) a weak substrate inhibition in the region of initial ammonia- 
nitrogen concentration (=2=:1000 - 3000 g/m5) and a strong
. substrate inhibition in the region > 3 0 0 0 g/m5 (particularly at
7
5000 g/nr) was noticed in the present field of study (figure 35)* 
The possible explanation may be that initial ammonia-nitrogen 
concentrations in the region (=£=1000 - 3000 g/m5) distorted the 
metabolism of the nitrifiers but did not actually prevent growth 
of the microorganisms. Whereas, initial ammonia-nitrogen 
>3000 g/m5 almost stops (at 5000 g/m5) the growth of the nitrif­
iers at the start of the fermentation. The rate of growth of 
nitrifiers then slowly increased as the microorganisms tried to 
adapt themselves to this high concentration of ammonia.
h) at an initial concentration of ammonia-nitrogen in the region 
* * 3000 - 5000 g/m5, acclimatisation phases were observed |tABLE 63,
64* 65 & fig. 35 3  ^  specific ammonia oxidation rate
fell rapidly to the inhibited level. A possible explanation is 
•that the nitrifiers tried to adapt' themselves to such high 
concentrations of ammonia.
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To counteract this effect, the seed culture was acclimatised 
for certain periods of time (see section 4*4*7*) before it 
was used as inoculum.
i) a detailed examination of the experimental results 
(TABLE 66 and 67 and figures 29 & 32) will show that nitrite 
concentration Y/as very low throughout the whole series of 
experiments. This may be due to the reason that during acclim­
atisation, the number of Nitrobacter species were produced in 
such a proportion that as soon as nitrite was produced in the 
system, it was used up by Nitrobacter preventing any accumulation 
of nitrite in the system. A similar phenomenon was also 
reported by Nakos et al (85).
j) phosphate plays an important role in microbial growth. 
Analyses carried out for phosphate determination, indicated 
that the amount of phosphate-phosphorus present 6 g/m 5 
(equivalent to ^ £=70 g/m5 KH^PO^)^ at any time in the system was
sufficient to maintain the grov/th of the microogranisms (as
mentioned in section 4*4*4*)*
k) analyses were carried out to account for the loss of NH,-N
by air stripping. The experimental results showed that the loss 
(<10 g/m5/day at initial NH^-N concentration 5200 g/m5) was 
insignificant in comparison with the high concentration of 
ammonia-nitrogen.
8.2. CONTROLLED uH STUDIES
The overall results (5*1) showed that
a) nitrification appeared to occur only slowly, if at all, 
below pH 6.5
b) at pH above 9*0, loss of ammonia was so significant 
(^ 2=20 g/m^/day at pH 10, in the region of NHyN concentration 
50 g/m"*) that the results were discarded since such high 
losses of ammonia would cause inaccurate material balances*
c) the optimum pH for nitrification was found to be 8*5® This 
shows good agreement with the results obtained by Wild et al 
(121) and Shammas (100)#
d) no lag phase was observed in the oxidation of ammonia at 
this initial concentration of ammonia-nitrogen (^50 g/m^).
e) there was no apparent initial uptake of ammonia-nitrogen 
by the nitrifying microorganisms#
f) (maximum specific T.O.N. production rate) and B (Blackman 
constant) were functions of pH. Both of them increased with 
increase of pH in the range of pH 6.5 to 8.5 and then decreased 
slowly (fig. 37 ) with further increase in pH.
g) Mg (maximum specific NOy-N production rate) was also a 
function of pH. It increased with increasing pH in the range 
of pH 6.5 to 8.5* Above pH 8.5 the curve became asymptotic 
(fig. 38).
h) to check the reproducibility of the experiment, one of the 
experiments (controlled pH 7*0 TABLE 8) was repeated about, a 
year later. Results obtained showed that the experiments are 
quite reproducible.
8.3. SIGNIFICANCE OF VAN SLYKE REACTION IN BIOLOGICAL 
NITRIFICATION — - _ _  - .
The overall results (TABLE 1*2 - 1+5 ) showed that
a) the "Total Nitrogen Remaining” figure includes the sum of
the errors in the individual nitrogen determinations. Since the
apparent nitrogen loss is found by difference, analytical errors
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make an unusually large contribution. Individual loss 
figures must therefore he considered with caution: several 
trends are however apparent.
b) the extent of each reaction can he seen from the stoichio­
metry of the system: if ammonia is removed only by the van 
Slyke reaction, the total nitrogen loss should he double the 
ammonia lossj if nitrite is removed only hy reaction with 
either ammonia or oxygen, the amount of nitrite removed should 
equal the sum of the ammonia removed and the nitrate produced. 
Thus the extent of the van Slyke reaction is given hy the 
ammonia loss and the nitrite oxidation hy the nitrate produced.
c) the oxidation of nitrite is limited hy the availability of 
dissolved oxygen, so its contribution to nitrite removal will' 
depend on the efficiency of aeration of the system and thus 
the means of aeration.
d) from the overall nitrogen balance, experiments at neutral 
and alkaline pH values indicate some conversion of ammonia to 
nitrate: this is due possibly to infection of the system hy 
nitrifying bacteria during sampling. In Run 2, the killed 
bacterial cells increased the effective ammonia content hy
10 g/m^.
e) the change in pH during reaction was generally towards 
neutral.
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9. O O N C L U S I O  N S .
/
9. CONCLUSIONS
The present work has "been carried out with synthetic wastewater 
and a nitrifying sludge in a system of the activated sludge 
type*
9*1 . STUDIES WITH DIFFERENT CONCENTRATION LEVELS OF AMMONIA 
Prom nitrification studies at different levels of concentration 
of ammonia (50 - 5000 g/m^), at controlled pH 7*0 and at 
constant temperature 25°C, it may he concluded that
a) proposed mathematical models based on Blackman Kinetics 
gave a good description for oxidation of ammonia at low 
concentrations.
at high concentrations of ammonia, the system exhibited 
hysteresis i.e. specific ammonia oxidation rate varied with 
initial as well as transient substrate concentrations.
c) an absolute maximum value of specific ammonia oxidation 
rate was observed in the region of initial ammonia-nitrogen 
concentration of 500 - 1000 g/m^.
d) to correlate the increase in specific ammonia oxidation 
rate with the increase in initial concentration of ammonia a 
modified form of the Monod equation has been proposed.
w M. S
M =
KS + So o
s- Maximum specific ammonia-oxidation rate 
— Absolute maximum specific ammonia oxidation rate 
SQ = initial NH^-N concentration
K„ ss Saturation constant 
o
This correlation is applicable in the range of initial NH,-N 
concentration of 50 - 500 g/m^.
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e) substrate inhibition was observed at and above initial 
concentration of 1000 g/m^.
j
A mathematical model (analogous to Haldane’s equation on
enzyme inhibition) in the region of initial NH^-N concentration
50—  5000 g/m^ has been proposed*
- ' MA
M
M KS0 s1 + 0 +  o
S„ K. ■o i
= inhibition constant.
As was also observed by Pawlosky (8 9, section 3«3*3*) the 
equation did not give a satisfactory fit at the highest value 
of Mm .
A satisfactory fit of the variation of "specific ammonia 
oxidation rate at transient state, with ammonia nitrogen 
. concentration at any time t, S (experimental results correspond 
to initial concentration in the region 1000 - 5000 g/m^)
was obtained with a proposed equation of the form
Mt  = \ K1 e_K^ /S
isr-
where K, and Kg are empirical constants.
A reasonably renroducible vs time curve was obtained when
the equation was expressed in terms of S, t and x Q •
f) acclimatisation phases, in which the specific ammonia 
oxidation rate fell rapidly to the inhibited level, Y/ere 
observed at initial concentration of NH^-N in the region of 
3000 - 5000 g/m^. This was counteracted by acclimatisation 
of the seed culture.
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9.2. Nitrobacter KINETICS
Nitrobacter kinetics in the logarithmic growth phase was
well represented by the proposed model.
XR + Y /  (P -  P )
Mg t = In Bo s 0
. . . X ; ■
= Maximum specific NO--N production rate 
Jo s>
= initial concentration of Nitrobacter at t » o 
Bo -- --------- -
P = concentration of NO,-N at any time t
3 -
= concentration of NO,-IT at t = o 
° 3
Yx^/y = yield co-efficient
9.3- CONTROLLED pH STUDIES
Prom the controlled pH studies in the range of pH 5 - *10, at 
initial ammonia-nitrogen concentration around 50 g/m^ and 
onstant temperature 25°C, it can be concluded that
a) pH did affect the rate of oxidation of ammonia. Optimum 
pH was found to be 8.5.
b) Maximum T.O.N. production rate,Mir , Blackman constant, B
M
and maximum NO^-N production rate, Mg are functions of pH. The 
functions can be represented as follows:
<i} MH = 0793 Bxp [■ °-37
B = A  EXP [- "6-°3 (P-li.%2g)2]
, 2
and (iii) Mfi = .03 (pH)^ - .67 (pH) + 5-04 (pH) - 12.47
These mathematical models are only applicable in the range of 
pH between 6.5-9*
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-9.il-. SIGNIFICANCE OF VAN SLYKE REACTION
From the studies of significance of van Slyke reaction in"
"biological nitrification it can "be concluded that
a) nitrite removal hy "both mechanisms was effective only 
at low pH values, the threshold being at about pH 5*5*
b) the rates of both reactions increased v/ith decreasing pH 
and with increasing substrate concentrations,
c) in the aeration conditions of these experiments, the 
amounts of nitrite removed by each mechanism were about the 
same. It is expected that with improved aeration, as in a 
packed tower, nitrite oxidation would be much more significant 
than reaction with ammonia.
d) these results are in good agreement with those of Smith 
and Clark (1 Oh)•
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I11. A P P E N D I C E S  .
11 . APPENDICES
11 .i.;~ APPENDIX 1 . ,
11.1.1. AMMONIA DETERMINATION BY DIRECT NESSLERIZATION 
Principle:
A yellowish "brown colour is produced "by nessler-ammonia 
reaction. The colour intensity can he measured at i+lO mp, 
wavelength.
Apparatus:
(a) Spectrophotometer : DB-G-T spectrophotometer of Beckman -
RIIC Ltd. was used.
O’) pH meter.
Reagents:
(a) ammonia-free water: Traces of ammonia in distilled water
were eliminated hy adding 0.1 ml. concentrated sulphuric 
acid to 1 litre distilled water and redistilling.
O’) EDTA reagent: 50 g. dispdium ethylenediamine tetra­
acetate was dissolved in 60 ml. water containing 10 g. sodium 
hydroxide. The solution was gently heated for complete dis­
solution, cooled to room temperature and diluted to 100 ml.
(c) Nessler reagent: 100 g. mercuric iodide, Hglg and 70 g.
potassium iodide, KI were dissolved in a small quantity of 
water. This mixture was then added slowly with stirring to 
a cool solution of 160 g. sodium hydroxide in 500 ml. water. 
The solution was then diluted to 1 litre and stored in a
238
pyrex glassware away from sunlight.
(&) Stock ammonium solutions: 3*819 g. anhydrous ammonium 
chloride was dissolved in water and diluted to 1 litre.
1.0 ml. = 1.0 mg. NH^ - N = 1.22 mg. NH^*
(e) Standard ammonium solutions: 10 ml. stock ammonium 
solution was diluted to 1 litre with water.
1.0 ml. = 10.0 pg - N = 12.2 p,g NH^.
Procedure:
(a) Preparation of standard curve: A series of standards
was made hy adding the following volumes of standard ammonium 
chloride solution and diluting to 50 ml. with ammonia-free 
water: 0, 5* 7*5* 10.0, 15*0, 20.0, 25.0 and 30.0. The
solution with 0.0 ml. ammonium chloride solution was the 
"blank. 2.0 ml. nessler reagent was added to each tube and 
mixed well. After twenty minutes the optical density of each 
mixture was measured against the reagent "blank at lj.10 mp. 
wavelength in the DB - G-T spectrophotometer. The calibration 
curve was prepared by plotting optical density against ml. of 
standard NH^Cl. The reproducibility of the curve was checked 
frequently.
0>) Analysis of the sample: 0.5 - 0.73 ml. 13% sodium
hydroxide solution v/as added to 100 ml. sample to obtain a 
pH of 10.5> as determined with the pH meter. The precipitate 
was allowed to settle. The solution was filtered. First 
25 ml. of the filtrate was discarded. A suitable aliquot of 
the filtrate (according to expected ammonia concentration)
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was taken and diluted to 50 ml. with ammonia free water.
If required (in case of a turbid solution) 1 drop of EDTA 
stabiliser was added. A reagent blank was prepared in the 
same way - only in the place of sample solution, ammonia-free 
water was used. 2.0 ml. of nessler reagent was added to each 
tube and mixed well. After 20 minutes the optical density of 
the sample solution was measured in the spectrophotometer 
against the blank at ItfO m{x wavelength.
Calculation:
, ml. of standard NH.Cl solution x 10
S/m Ammonia-nitrogen = f£ltrate taten .for
nesslerisation
BISHA uses this method. It compares well with direct-reading 
ammonia-probe (EIL ammonia probe model 8002-2).
11.3..2. NITRITE DETERMINATION BY SULPHANILIC ACID/ALPHA 
NAPHTHYL ETHYLENE DIAMINE METHOD (l05)
Principle:
The method depends on the formation of a pink azo-dye when 
the diazonium compound formed by the action of nitrous acid 
on sulphanilic acid is coupled with N(1-naphthyl) ethyl ene- 
diamine.
A+rparatus: * .
Spectrophotometer: mentioned before.
Reagents:
Sulphanilic acid solution: 30 .0 g. of potassium hydrogen
sulphate, which acts as a buffer and 3*5 g. of sulphanilic 
acid were dissolved in water and diluted to 1 litre.
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, N(1-naphthyl) ethylene diamine dihydrochloride solution:-
0.02$. It was stored in the dark.
Stock nitrite solution: 0.2+93 g* NaNO^ was dissolved in 1
litre nitrite free distilled water.
Standard sodium nitrite solution: 100 ml. of stock nitrite
solution was diluted to 1 litre. 50 ml. of this solution 
was diluted to 1 litre with nitrite-free distilled water.
1.0 ml. =0.5 p.g NO2 - N.
Nitrite free water: 1 ml. concentrated H^SO^ and 0.2 ml.
manganese sulphate solution were added to 1 litre distilled 
water and made pink with 1-3 ml. potassium permanganate 
solution. After 15 minutes it was decolourised with ammonium 
oxalate solution.
Manganese sulphate solution: 1+80 g. MnSO^.l+HgO & 1+00 g.
MnSOj^HgO were dissolved in distilled water, filtered and 
diluted to 1 litre.
Potassium permanganate solution: 0.1+ g. KMnO^ was dissolved
in 1 litre distilled water.
Ammonium oxalate solution: 0.9 g. 2^ 2^ 11. was ^ sso^ved-
in 1 litre distilled water.
Procedure:
A series of standards was made by adding the following volumes 
of standard sodium nitrite solution in 50 ml. graduated flasks 
2.5, 5*0, 7.5, 10.0, '15.6, 20.0, 2 5.0 , 3 0.0 , 35.0, 1;0.0 and
24.5 .0. An appropriate volume (according to expected nitrite 
concentration) of filtered sample was taken in another flask • 
An additional flask was used to contain the reagent blank.
2.5 ml. of sulphanilic acid was added to each flask. After 
10 minutes, 2.5 ml. of N(l-naphthyl) ethylenediamine 
dihydrochloride solution was added to each flask. After
22+1
20 minutes the mixture in each flash was diluted to 50 ml. 
mark with distilled water and mixed well. The optical 
density of the contents of each flask was measured in the 
spectrophotometer against the reagent blank at 550 mji. wave­
length. The calibration curve was made by plotting optical 
density against ml. of standard NaNOg. The accuracy of the 
curve was checked frequently.
Calculation:
, ml. of standard NaN0p x 0.5
g/m ^ ~ 77777 ml, of .sample ~.". ..7 7777
11.1.3. NITRATE DETERMINATION BY BRUCINE/SULPHANILIC ACID 
ME’TH0FTl05). ,
Principle:
The reaction between nitrate and brucine produces a yellow 
colour. The colour intensity can be measured at 1*10 tap. 
wavelength.
Apparatus:
Spectrophotometer: as mentioned before.
Reagent:
Stock nitrate solution: 0.7218 g. anhydrous KNO, was dissolved
and diluted to 1 litre with distilled water. This solution 
contains 100 mg./l. NO^ - N.
Standard nitrate solution: 100 ml. stock nitrate solution was
diluted to 1 litre with distilled water.
1 ml. = 10.0 jig NO^ - N.
Brucine-Sulphanilic acid reagent: 1 g. brucine sulphate and
21*2
0.1 g. sulphanilic acid were dissolved in approximately 70 
ml. hot distilled water. 3 ml. concentrated HC1 was then 
added. The' mixture was cooled to room temperature and made 
up to 100 ml.
Sulphuric acid solutions 500 ml. of concentrated HgSO^ was 
added to 75 ml. distilled water. The solution was cooled to 
room temperature and kept tightly stoppered to prevent 
absorption of atmospheric moisture. The concentration of 
HgSO^ solution was chosen so that normal variations in heat 
capacities of beakers (50 ml. beakers were tised for brucine- 
nitrate reaction) will not affect the result. It is important, 
however, that only 50 ml. beakers be used.
Procedure:
A series of standards was made by adding the following volumes 
of standard nitrate solution and diluting to 100 ml. with 
distilled water: 0, 5, 15, 3 0, 50, 65, 80 and 100. 2 ml.
of each solution was taken in 50 ml. beakers. 2 ml. of 
sample containing not more than 10 g./m^ NO^ - IT was taken 
into another 50 ml. beaker. The solution with 0.0 ml. 
nitrate solution was our reagent blank. 1.0 ml. brucine- 
sulphanilic acid reagent was added to each'beaker. Into 
another set of 50 ml. beakers 10 ml.of HgSO^ solution was 
added. The contents of the two beakers were mixed carefully 
by adding the sample or standard nitrate solution with brucine- 
sulphanilic acid reagent to the beaker containing acid. The 
beakers were then kept in dark for 10 minutes. During this 
period 10 ml. distilled water was measured into each empty 
beaker. After 10 minutes the water was added to each
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beaker and mixed well. They were then left in dark for 20 
minutes. The optical density of the contents of each beaker 
was then measured against the reagent blank at Ij.10 mjx wave­
length in the spectrophotometer. The calibration curve v/as 
prepared by plotting optical density against mg. of N0^ - N.
The reproducibility of the curve was checked frequently.
Calculation:
, mg. of NO, - N x 1000
g./m NO^ - N = ml. of. sample _
i.t.1.2*. PHOSPHATE-PHOSPH0RUS-" DETERMINATION BY VANADOMOLYBDO- 
PHOSPHORIC ACID COLORIMETRIC METHOD (105) ~ .7 " ~
Principle:
In a dilute orthophosphate solution, ammonium molybdatereacts 
under acid conditions to form a heteropoly acid, molybdophos- - 
phoric acid. In the presence of vanadium the vanadomolybdophos- 
phoric yellow colour is formed. The intensity of the yellow 
colour is proportional to the phosphate concentration in the 
solution.
Apparatus:
Spectrophotometer: as mentioned before.
Reagents:
(a) Vanadate-molybdate reagent: solution A: 25 g* ammonium
molybdate, (NH^)^MOy02^, UHgO, was dissolved in UOO ml. 
distilled water.
Solution B: 1.25 g. ammonium metavanadate, NH^VO^, was dissolved 
by heating to boiling in 300 ml. distilled water. The solution
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was cooled to room temperature and 330 ml. concentrated HC1 
was added.
Solution B was cooled to room temperature and Solution A-was 
poured into Solution B. The mixture was diluted to 1 litre.
Ob) Standard phosphate solution: 219*5 mg. anhydrous
potassium dihydrogen orthophosphate, K^PO^, was dissolved 
in distilled water and diluted to 1 litre.
1. ml = 50.0 |xg PO^ - P, phosphate phosphorous.
Procedure:
35 ml. or less of the filtered sample, containing 50 to 1000 
p.g phosphorous, was taken in a 50 ml. volumetric flask. 10 
ml. vanadate-molybdate reagent was added and diluted to the 
mark with distilled water. A reagent hiank was prepared in 
the same way in which the amount of sample was substituted 
with distilled water. After 10 minutes the colour intensity 
of the sample was measured against the blank at lj.90 mjx wave­
length in the spectrophotometer.
By using suitable volume of standard phosphate solutions and 
proceeding as above a calibration curve was prepared. The 
reproducibility of the curve was checked frequently.
Calculation:
tc/m3 PO -P = lEzJL^JOOOg / m r v ^ r  - ml> of sample
11.2. APPENDIX 2
A sample calculation has been given for experimental data
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corresponding to new axes at controlled pH 7*0 (data 
correspond to Table 7) in Table 78.
TABLE 78
T*0*H.l = 3U*5 g/m*5 i, = 67«5 hours
T.O.N. in g/m5 v T in hours
38*3 - 3k.5' = 3.8
■ i."
86.5 - 67.5 = 19.0
kO.k - 3k.5 = 5.9 91.5 - &1.5 = 3 0 .0
k5.2 - 3k.5 = 10.7 li*2.5 - 67.5 = 75.0
1*5.8 - 3k.5 = 11.3 li+7.5 - 67.5 = 80.0
> 8 .3 - 34.5 = 13.8 217.0 - 67.5 = 11*9.5
T.O.N.p = 1*9.2 - 3U-5
= ll*.7 g/m3
xo e
!MtL
.1^ x
0.72 e 
2.U5 g/m^
67.5
2ft
11*3* APPENDIX 3 
PLOW - SHEET OF "PATTERN SEARCH” PROCEDURE ON WHICH THE COMPUTER 
PROGRAM OF CURVE - FITTING- IS BASED,
Nomenclature :
y = f(x), where x = no* of parameters*
A x  = step length*
K. = step length multiplier*
£ = error criterion.
READ START POINT X, . x? aniAx
?1>yo
—VJ /' V --
, yL m T < *1 » x2 >
*2■5 JL
0 «dL>VT11l *
£
( X2 +  K j A X j )
"  *
X, » Xf +K1A X1 
x 2 -  x 2 +  K j j A X j
X, - 2K
*2 « Kj/2
This search has heeri shown for two parameters, hut can he easily 
extended to n parameters. This search will stop when K,j = = 0
arid any step length less thane. No output instructions are given*
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